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ABSTRACT OF THE DISSERTATION 
 
Evolution and Ecology During Domestication 
in the Neotropical Fruit Tree, Byrsonima crassifolia (Malpighiaceae) 
by 
Genevieve Kerry Marie Croft 
Doctor of Philosophy in Biology & Biomedical Sciences 
Washington University in St. Louis, 2012 
Professors Barbara A. Schaal and Peter H. Raven, Chairpersons 
 
Plant domestication is the process by which people take wild plants into cultivation and 
shape them over time into reliable food sources enhanced for consumption and propagation via 
agriculture.  It causes genetic, phenotypic, and ecological changes in cultivated populations.  
This process is frequently studied in domesticated crops.  And yet incipiently domesticated taxa, 
intermediate to wild and domesticated plants, offer unique opportunities to study domestication 
as it occurs. 
In this dissertation, I use the incipiently domesticated Neotropical fruit tree, Byrsonima 
crassifolia (Malpighiaceae), to study the timing and extent of genetic and ecological changes in a 
plant with a varied cultivation history throughout its broad geographic range. 
I first use ecological modeling with field- and herbarium-collected localities to compare 
the distributions of non-cultivated and cultivated plants in ecological space.  This study detected 
no appreciable difference in the environmental characteristics of the predicted localities of these 
plant types, suggesting that the ecological needs of cultivated plants may not change significantly 
early in the domestication process. 
	   xiv	  
I next used rapidly evolving microsatellite markers to analyze levels and structuring of 
genetic diversity in non-cultivated and cultivated populations.  Little differentiation was 
observed in most regions.  However, the reduced variation typically associated with 
domestication was detected in southeastern Mexico, which has the longest cultivation history and 
strongest phenotypic differentiation.  A distinct structuring of genetic diversity was observed in 
southwestern Mexico, where commercial cultivation has recently developed. 
Finally, I used DNA sequence data to explore domestication within a phylogeographic 
context.  These findings complement the microsatellite analyses.  They additionally reveal high 
genetic diversity in Panama, situated at the juncture of North and South America, where B. 
crassifolia is commonly cultivated, but shows few effects of selective pressures. 
These studies illustrate the complexity of early domestication processes.  The early 
impact of domestication on genetic, phenotypic, and ecological change varies by region with the 
intensity and duration of cultivation.  The strong maintenance of genetic variation in cultivated 
populations indicates that people can be powerful stewards of plant genetic resources.  The onset 
of modern agricultural practices, including sharing plants across large distances, may alter 
traditional patterns of change associated with plant domestication. 
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INTRODUCTION OF THE DISSERTATION 
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Domestication causes genetic, phenotypic and ecological changes in cultivated 
populations over time (Darwin, 1875; Clement, 1999).  It is the process by which a wild grass in 
the Balsas region of southern Mexico with small, hard seeds and shattering inflorescences (Zea 
mays spp. parviglumis) was transformed into globally distributed domestic corn (Zea mays ssp. 
mays), with large, soft grains that are easily harvested and processed by people.  Early 
researchers noted a suite of phenotypic changes that occurred in plants that had undergone this 
process, describing the “domestication syndrome” of domesticated plants, particularly cereals 
(Hammer, 1984; Harlan, De Wet, and Price, 1973; Harlan, 1992).  Traits in the domestication 
syndrome increase the ease of planting and harvesting by people, decrease plant toxins and other 
obstacles to consumption, and generally increase the ratio of reward to effort involved in relying 
on cultivated plants for energy and nutrition.  Particular traits in this syndrome include loss of 
natural dispersal mechanisms, increased apical dominance, reduced bitterness and increased size 
of plant parts that are consumed, loss of seed dormancy, and synchronization of flowering time.  
The Domestication Process 
Plant domestication likely began with loose associations of people and plants.  In this 
scenario, people unconsciously altered the frequency and distribution of favored plant species as 
they collected them from unmanaged landscapes (Casas et al., 1996).  In some cases, 
opportunistic collection would have led to “in situ” plant management (Casas et al., 1996; Casas 
et al., 2007), in which people protected or promoted favored plants and phenotypes in the 
habitats in which they occurred.  This would advance the domestication process before the plants 
were cultivated, or taken out of their native habitat and grown in human-made or human-
managed landscapes.   
There is debate regarding whether domestication could have begun before cultivation in 
	  	   3	  
the first domesticated plants (reviewed in Blumler and Byrne, 1991).  Heiser (1988) argues that 
unconscious selection leads only to the development of weeds, some of which were domesticated 
only after deliberate planting.  He defines weeds as “plants that are adapted to habitats disturbed 
by man or his domesticated animals” (Heiser, 1949).  However, it is generally agreed that crops 
domesticated after the practice of agriculture had become known could have followed this 
pattern of human influence preceding formal cultivation (Blumler and Byrne, 1991). 
“Ex situ” cultivation practices begin to influence plant populations when people take 
them out of their original habitats and into human-managed landscapes and settlements.  Even in 
cultivation, not all human influence is necessarily intentional.  “Unconscious selection” is 
inherent in moving plants from the selective environment of their native habitat into the new 
selective environment of human-managed landscapes (Darlington, 1956; Heiser, 1988; Zohary, 
2004).  Over the course of generations in a cultivated landscape, plant phenotypes and genotypes 
are expected to change due to these pressures alone.  In the case of cereals, for example, sowing 
only harvested seeds automatically begins to select for non-shattering genotypes in cultivated 
populations (Harlan, De Wet, and Price, 1973).  And yet, “conscious selection” (Heiser, 1988; 
Zohary, 2004), referred to by Darwin as “methodical selection” in his work, The Variation of 
Animals and Plants under Domestication (1875), is perhaps more popularly associated with 
domestication and the development of domesticated plant varieties.  This occurs when people 
begin to select for favored phenotypes, preferentially sowing seeds of plants with these 
phenotypes and eliminating or choosing not to sow seeds from plants with less favored 
phenotypes.   
Conscious and unconscious selection for phenotypic traits beneficial to people cause 
genetic changes in cultivated plant populations.  The most basic genetic pattern observed in 
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domesticated plant populations is a “domestication bottleneck,” in which overall levels of 
genetic variation have been reduced through the domestication process (Doebley, 1989).  This 
signature can result from several interacting processes.  On a population level, domestication 
sharply reduces genetic variation at sites controlling traits under selection (Wright et al., 2005).  
New mutations that confer favorable traits are rapidly pushed towards fixation in cultivated 
populations, reducing linked variation in “selective sweeps.”  For example, the Waxy gene 
controls starch quality in rice grains, a phenotype strongly selected on by people.  Olsen and 
colleagues (2006) detected directional selection for a particular mutation in this gene in 
temperate japonica rice (Oryza sativa).  They also detected a 97 percent reduction in genetic 
variation within the Waxy gene in plants containing that mutation, compared with wild-type 
plants.  Genetic variation directly associated with a phenotypic change and linked variation were 
both reduced through this process. 
Neutral genetic variation is reduced to a lesser extent during a domestication bottleneck, 
via different mechanisms (Wright et al., 2005).  Genetic drift can reduce variation at all loci in 
domesticated populations.  A sampling effect due to the smaller effective sizes of cultivated 
populations than wild populations permits fewer genetic variants to pass into each successive 
generation, by chance alone.  In a more general case than the intense selective sweep, “genetic 
hitchhiking” reduces genetic variation at sites linked with, but unrelated to the function of, 
selected genes (Fay and Wu, 2000).  Recombination mutes this effect in comparison with the 
selected region itself.  
Many studies of domestication focus on genes controlling particular plant traits 
associated with the domestication syndrome.  For example, Doebley and colleagues (1997) 
concluded that changes in the regulation of the gene Teosinte branched1 (tb1), which controls 
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apical dominance, led to the evolutionary divergence of corn and its closest relative, teosinte.  In 
barley, mutations in the tightly linked non-brittle rachis genes btr1 and btr2 in wild plants are 
believed to have led to loss of shattering in domesticated barley (Pourkheirandish and 
Komatsuda, 2007).  Analyzing genes under strong selection highlights how people effected 
major phenotypic changes in plants during the domestication process.  Such changes increasingly 
permitted people to rely on cultivated plants for food.  Results of these studies can also be used 
to lend basic insights into when, and via what processes, domestication may have occurred. 
In recent years, differences in patterns of genetic variation between domesticated plants 
and their wild relatives have been extensively investigated (e.g. Olsen and Schaal, 2001; Molina 
et al., 2011; van Heerwaarden et al., 2011; and see review in Doebley, Gaut, and Smith, 2006).  
Domestication bottlenecks have been detected in a variety of plants using microsatellite markers 
(e.g. Mariette et al., 2010), randomly selected genome-wide genetic fragments (e.g. Caicedo et 
al., 2007), and sequences of neutrally evolving gene regions (e.g. Londo et al., 2006).  Studying 
neutral genetic variation is a practical approach to understanding the domestication process, 
particularly in non-model plants and plants that do not fit the typical domestication syndrome of 
cereals.  These approaches are particularly useful because genes associated with phenotypes 
under strong selection may not yet be identified in these plants. 
In addition to phenotypic and genetic changes, ecological changes also accompany the 
domestication process (Darwin, 1875; Clement, 1999).  Adaptations to human-managed 
landscapes may influence the range of ecological conditions in which a plant can survive and 
reproduce.  Traits associated with domestication, such as the synchronization of flowering and 
the development of larger seeds and fruits, may also alter the ecological tolerance of cultivated 
plant populations.   
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It is clear that the geographical ranges of highly domesticated crops have greatly 
expanded from those of their wild relatives.  Plants such as rice, wheat, barley, and tomatoes 
have spread beyond their regions of origin and now flourish on nearly every continent of the 
globe.  Questions remain regarding the ecological ranges of domesticated crops.  And yet, the 
environmental conditions at the locations of domesticated and wild populations of these species 
have not been explicitly compared (Miller and Knouft, 2006).  It is likely that they have also 
expanded in cultivation.  This may in part be attributed to management interventions like 
watering and fertilization, and yet some change must be attributed to adaptation to new selective 
environments (Zohary, 2004).   
Incipient Domestication 
Plant domestication is increasingly viewed as a complex process, spanning a continuum 
from wild to domesticated plant populations (Clement, 1999).  Plants like corn, rice, and beans 
are undoubtedly at one end of this spectrum, in that they rely on human care for their survival 
and reproduction.  Other plants, such as American ginseng (Panax quinquefolius L.), are 
harvested by people from their native distributions, but remain wild (Cruse-Sanders and 
Hamrick, 2004).  They do not rely on human care, and human activities have not selected for 
desirable plant characteristics.  
It is also important to note that cultivation does not always lead to domestication 
(Blumler and Byrne, 1991).  Weiss and colleagues (2006) use archaeological evidence to show 
that many wild plants that were brought into cultivation in one geographic region were later 
abandoned, only to be domesticated even later in a different region.  Some cultivated plants, such 
as maygrass (Phalaris caroliniana) and knotweed (Polygonum erectum), were abandoned in 
North America and never again achieved cultivated status (Weiss, Kislev, and Hartmann, 2006).  
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Domestication, even of cereal crops in the Fertile Crescent, is now believed to have been a 
protracted and regional process, rather than rapid and localized (Pringle, 1998; Brown et al., 
2009).   
Much of what is known about processes of domestication derives from studies of annual 
cereal crops (e.g. Harlan, De Wet, and Price, 1973), and yet drawing conclusions solely from 
such studies creates an incomplete picture (McKey et al., 2012).  People have domesticated 
many different types of plants, which have responded to domestication in different ways.  For 
example, McKey and colleagues (2010) review processes of domestication in clonally 
propagated crops.  A review by Miller & Gross (2011) describes a “domestication syndrome” for 
perennial plants.  These additional viewpoints are expanding our understanding of how people 
impact plant populations through use. 
Between extremes on the domestication continuum are intermediate plant populations 
that have been phenotypically, genetically, and ecologically altered by human cultivation 
practices, but not to the extent that they rely on people for their survival.  Clement (1999) defines 
an incipiently domesticated plant population as:  
“A population that has been modified by human selection and intervention (at the very 
least being promoted), but whose average phenotype is still within the range of variation 
found in the wild population for the trait(s) subject to selection. The variance of this 
average is probably smaller than that of the original wild population, however, as 
selection has started to reduce genetic variability.” 
He defines a semi-domesticated plant population as: 
“…significantly modified by human selection and intervention (at the very least being 
managed) so that the average phenotype may diverge from the range of variation found in 
the wild population for the trait(s) subject to selection.” 
He adds that its phenotypic variance may exceed that of wild plant populations due to the 
presence of both wild-type and novel phenotypes; its genetic variability continues to decrease as 
fewer individuals meet the selection criteria for breeding; and its ecological adaptability is 
	  	   8	  
retained, although it is predicted to gradually lose phenotypic variation associated with 
cultivation in the absence of human management.  
Many such plants exist.  They include plants of regional importance, which are used by 
local people for food and medicine.  They may have been used for thousands of years, but not 
selected on with such intensity that they became domesticated crops.  This is true of many plants 
that people do not depend upon for survival, but rather use to supplement diets that include other 
staples.  Regionally important fruits commonly meet these criteria.  Examples include caimito 
(Chrysophyllum cainito L.) in Central America and the Caribbean, and mamoncillo (Melicoccus 
bijugatus L.) in much of the tropics. 
It can be inferred that each of our modern domestic crops at some point passed through 
this cultivation process from wild to domesticated.  And yet researchers studying domesticated 
plants are limited in what they can learn because the major elements of this process occurred in 
the distant past.  They must compare plant populations at either end of the spectrum: the 
domesticated crops of interest and their extant wild relatives.  Plants intermediate to these 
extremes, hereafter referred to as “incipiently domesticated” species, provide rare opportunities 
to study domestication in action.   
The genetic, phenotypic, and ecological characteristics of incipiently domesticated 
species are expected to differ from both wild and domesticated plant populations.  Genetic 
variability is expected to be lower than that of wild plant populations, in line with comparisons 
between domesticated crops and their wild relatives.  Phenotypic changes are expected to occur 
in accordance with selective pressures (Clement, 1999).  For example, increased phenotypic 
variability in traits of human interest may indicate diversifying artificial selection (Clement, 
1989).  Artificial selection for survival in a broader diversity of habitats may expand the 
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ecological characteristics of regions in which incipiently domesticated plants exist (Miller & 
Knouft 2006). 
Genetic and ecological processes of domestication have been studied in tandem in few 
incipiently domesticated species (but see Miller and Schaal, 2005; Miller and Knouft, 2006; 
Miller and Schaal, 2006).  The timing of genetic, phenotypic, and ecological changes in plant 
populations during the domestication process is poorly explored.  Several important questions 
remain unanswered.  Does the genetic bottleneck observed in domesticated plants occur early in 
the domestication process, or does it result from a gradually accumulated loss of genetic 
diversity?  Does a shift in the ecological distribution of cultivated plant populations occur prior 
to, or in the absence of, plant management practices that can alter the microenvironments in 
which cultivated plants are grown?  Incipiently domesticated species, ideally situated early in the 
domestication continuum, provide excellent systems in which to answer such questions. 
Study System 
An ideal species in which to investigate intermediate processes of plant domestication 
would be cultivated, but not fully domesticated; present in the archaeological record; 
geographically widespread, with the possibility of multiple independent origins of cultivated 
populations; and common enough that it could be found in substantial populations.  Based on 
these criteria, I selected Byrsonima crassifolia (L.) Kunth (Malpighiaceae) for my dissertation 
research.   
 Byrsonima crassifolia is a slow-growing tropical shrub or tree.  It is most commonly 
known as “nance” (Central America), but also “nanche” (Mexico), “murici” (Brazil), 
“goldenspoon” (United States), and scores of additional regional common names (reviewed in 
Trabanino, 2010).  Nance has a broad geographical distribution, growing from central Mexico, 
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throughout Central America and the Caribbean, and into central South America (Anderson, 
1981; Correa, 2003).  It occurs in a broad range of environmental conditions within its 
distribution.  Nance grows in regions that vary greatly in both annual precipitation (between 
1000 and 8000 mm, Correa, 2003) and elevation (from sea level to more than 1800 meter, pers. 
obsv.).  It is tolerant of fire (Posey, 1985) and drought.  Nance is common in savanna 
environments (Anderson, 1981; Correa, 2003), and is a dominant savanna tree in some regions, 
including Guanacaste province, Costa Rica (Vargas Ulate, 2001).  It is often found in association 
with Curatella americana (Dilleniaceae) (SAGAR-COTECOCA, 2000; García-Nuñez, Azócar, 
and Silva, 2001), and occurs frequently in open pine savannas in Mexico (Trabanino, 2010). 
 Nance is a predominantly outcrossing species that can also produce viable seeds from 
self-pollination (J. Urano1, pers. comm., 2011).  A study of the species in Costa Rica (Bawa, 
1974) found that 32 percent of experimentally self-pollinated flowers set fruits, compared with 
72 percent of experimentally cross-pollinated flowers.  The small, bisexual, bilaterally 
symmetrical flowers are yellow, occasionally with some reddish coloration (pers. obsv.).  They 
grow in terminal inflorescences (Figure I.1).  Rather than producing an abundant pollen or nectar 
reward for pollinators, nance flowers produce an oil consisting mostly of mono- and diglycerides 
with some triglycerides and fatty acids (Vinson et al., 1997).  Oil-collecting bees of two families, 
Melittidae and Apidae, are believed to be its primary pollinators (Vinson et al., 1997).  Several 
studies have examined the interactions between Centris bees in the Apidae and nance (Vinson et 
al., 1997; Raxworthy et al., 2003).  Nance fruits are small, yellow drupes primarily dispersed by 
birds (García-Nuñez, Azócar, and Silva, 2001; Correa, 2003).  In Panama, nance trees flower 
from November through July and produce the most fruit from August through September 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 José Edmar Urano de Carvalho, Curator, EMBRAPA, Belem, Para, Brazil. 
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(Correa, 2003).  In Mexico, peak harvest begins in July and continues through September 
(Medina-Torres, Salazar-Garcia, and Gomez-Aguilar, 2004).  Some flower and fruit production 
may continue throughout the year (Anderson, 1981). 
 People use nance for many purposes, and yet the primary attraction is its fruits (Figure 
I.2).  These can be eaten raw, cooked into a dessert, or squeezed into a juice (Correa, 2003).  
Fruits have also been used to make ice cream and alcoholic drinks, and to add flavor to salads 
(Medina-Torres, Salazar-Garcia, and Gomez-Aguilar, 2004).  While nance juice may be an 
acquired taste for non-locals, it is highly valued by those already familiar with its unique flavor 
(pers. obsv.).  A chemical analysis of nance fruit aromas describes its smell as like that of “fruity, 
rancid cheese,” and detects the suite of chemical compounds responsible for this flavor (Rezende 
and Fraga, 2003). 
 Additional uses relate to cooking, construction, crafts, and medicine.  Nance wood is 
valued as a household fuel because it is clean-burning and is also useful as fencing material 
(Aguilar and Condit, 2001).  The reddish bark of nance was used historically in tanning leather.  
It continues to be used for this purpose in some regions, including Bolivia (C. Cuevas2, pers. 
comm., 2009).  Indeed, the generic name “Byrsonima” likely means “named for leather,” coming 
from the Greek “burs,” meaning “leather,” and “onymia,” or “name” (Anderson, Anderson, and 
Davis, 2006 onward).  Nance plays a prominent role in folk medicine.  Its leaves and bark are 
boiled in water, which is consumed or applied to the skin for various ailments (reviewed in 
Correa, 2003).  In particular, it is used to treat skin rashes in Guatemala (Comerford, 1996) and 
treat diarrhea and respiratory infections in Panama (S. Vergara3, pers. comm., 2010).  Caceres 
and colleagues (1991) demonstrated the powerful activity of its bark and leaf extracts against the 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2 Cosme Cuevas, resident of Virgen del Rosario, Franz Tamayo, Bolivia. 
3 Silvia Vergara, resident of La Sabana, Coclé, Panama. 
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six dermatophytes they tested in vitro.  Nance also has a strong antioxidant capacity (Souza et 
al., 2008).  Ultimately, nance is used and cultivated to varying degrees by people throughout 
much of its range.   
In southeastern Mexico, evidence of early use of nance is found in the archaeological and 
historical records.  Indeed, southeastern Mexico is home to the earliest evidence of an association 
between nance and people, in the Santa Marta cave in Chiapas.  Archaeobotanical remains in this 
cave dating back 11,800 years suggest its consumption by hunter-gatherers (Trabanino, 2010).  
Nance is mentioned specifically in the Popol Vuh, a collection of historical myths of the Mayan 
people, as a fruit prized by beings like “lord Seven Macaw” (Schlesinger, 2001).  It also appears 
in Mayan iconography, in the tomb of Hanaab Pakal II, governor of Palenque (Trabanino, 
2010).  Colunga-GarcíaMarín and Zizumbo-Villarreal (2004) note several distinct, domesticated 
varieties of nance in the lowland Maya region in modern times, and suggest that people in this 
region could have exerted selection on nance as early as 5,400 years ago, when pre-Mayan 
peoples first began altering the Yucatan landscape. 
An abundance of named varieties with distinct phenotypic characteristics can be found in 
modern-day southeastern Mexico (pers. obsv.).  Cultivated fruits are generally larger than non-
cultivated fruits.  In 2009, I observed several distinct and consistently named fruit varieties in 
Veracruz and Oaxaca.  These included “nance coco,” which had a more oblong shape and 
distinct flavor than non-cultivated or typically-cultivated nance; “nance manzana,” with a taste 
reminiscent of a tart apple; “nance morado,” with a red skin; “nance madura verde,” which is 
green when ripe; as well as the more common “nance dulce,” considered sweet enough to be 
eaten raw, and “nance agrio,” considered sour and good for making into a juice with sugar.  
In southwestern Mexico, historical and archaeological accounts of nance use are less 
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abundant.  Despite this, Medina-Torres and colleagues (2004) report that nance is currently 
grown commercially along the Pacific coast.  They note in 2004 that there were more than 200 
hectares of commercial nance orchards producing fruit valued at more than $500,000 per year, 
with a trend of farmers increasing the area dedicated to nance cultivation.  Their study focused 
on fruit qualities of eight nance selections grown from seed.  These selections differed primarily 
in sweet versus sour flavor, with one selection that deviated from the typical yellow fruit color.   
A study of current plant use by indigenous peoples in central-western Mexico, in the 
states of Guerrero and Puebla, reports that B. crassifolia occurs there in wild, weedy and 
domesticated forms (Casas et al., 1996).  The Mixtec and Nahua peoples in the study region 
selectively gather nance fruit as well as tolerate, protect, and plant nance trees.  In 2010, I 
observed that people in the region distinguished between “nance dulce” and “nance agrio.”  A 
phenotypically distinct form of nance known locally as “changunga” grew only in the mountains 
of Michoacán, potentially only on volcanic soil.  I did not observe additional named varieties in 
southwestern Mexico, although I did observe the production of larger and more abundant fruits 
in cultivated than in non-cultivated populations. 
Nance is greatly valued in Panama, where local people use it for food, firewood, 
construction material, fence posts, animal fodder, and shade for water and animals (Love and 
Spaner, 2005).  Charred fruits from an archaeological site in the central province of Coclé date 
the association of nance and people in the region to at least 6,860 years before present 
(uncalibrated C14 date, Cooke and Linares, 1992).  Although nance is highly valued in Panama, 
care for or preference among these plants is limited (S. Vergara, pers. comm., 2010; pers. obs.), 
and phenotypic or ecological evidence of artificial selection by people is not apparent. 
In Brazil, the Kayapó people of the state of Pará reportedly plant B. crassifolia for fruit as 
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well as to attract game, including birds.  They recognize the plant as not only fire tolerant, but 
also fire preferring, as fruit set is larger after fields are burned (Posey, 1985).  Clement (1989) 
remarks that high quality fruits can be found in Pará State, in northern Brazil.  Miller and Nair 
(2006) report that the wide variety of shapes and flavors of fruits produced by trees grown from 
fruits sold in Pará may indicate past selection.  Local people in the communities in which I 
collected nance in 2011 did not report any named nance varieties.   
In Bolivia, cultivation of B. crassifolia is unknown (P. Jorgensen4 and C. Cuevas, pers. 
comm., 2009).  Nance fruits growing in the mid-elevation savannas of Parque Nacional Madidi, 
Franz Tamayo, Bolivia are much smaller than non-cultivated fruits in other regions (pers. obsv.; 
see Figure I.2). 
Dissertation Overview 
 In my dissertation I use Byrsonima crassifolia as a model study system in which to test 
hypotheses regarding the ecological and genetic changes that may accompany early processes of 
domestication. 
The first chapter focuses on the ecological consequences of plant domestication.  In this 
study, I use ecological modeling techniques to compare the distributions of non-cultivated and 
cultivated B. crassifolia plants in ecological space.  The combination of multiple overlaid 
geographic layers of climatic variables is used to represent ecological conditions in geographic 
space.  These conditions at the geographic coordinates of sampled B. crassifolia plants are used 
to create two ecological distribution models, one for cultivated plants and one for non-cultivated 
plants.  The two models are compared to discover any differences that may be attributed to the 
domestication process. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
4 Dr. Peter Jorgensen, Missouri Botanical Garden. 
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Two scenarios are predicted.  Very early in the domestication process, wild plants 
brought into human managed landscapes may have had insufficient time to adapt to new 
ecological conditions.  In this scenario, plants brought into regions with ecological conditions too 
divergent from those of their original habitats would not survive.  This would result in an 
observed ecological distribution of cultivated plants that is equal to or narrower than that of non-
cultivated plants.  Alternatively, if a sufficient number of generations in cultivation has passed, 
cultivated populations may have begun to respond to the new selective pressures of human-
managed landscapes.  A slow expansion of the range of ecological conditions in which these 
plants survive could have taken place over generations.  In this case, the ecological distribution 
of cultivated populations could have expanded relative to non-cultivated populations.  This 
pattern was observed in one of the only comparative studies of cultivated and non-cultivated 
populations of an incipiently domesticated plant, a study of Spondias purpurea (Miller and 
Knouft, 2006).  By comparing models of the ecological distributions of these population types in 
additional incipiently domesticated species, we can begin to understand whether taking plants 
into cultivation begins to broaden the ecological distribution of plant populations early in the 
domestication process.  We can thus begin to assess how early in the domestication process 
ecological changes may be expected or observed. 
 The second chapter explores genetic processes of domestication using microsatellite 
markers that I designed for B. crassifolia.  Byrsonima crassifolia is a broadly distributed species 
with different histories of cultivation and observed degrees of phenotypic change in different 
parts of its range.  This study species permits comparisons of the effects of the domestication 
process on population genetic structure in multiple domestication scenarios within a single 
species.  The species-specific microsatellite markers permit fine-scale comparisons of the 
	  	  16	  
structuring of non-coding genetic diversity of cultivated and non-cultivated populations.  On 
global and regional scales, I test whether the two population types can be distinguished 
genetically, and whether cultivated populations contain a subset of the genetic variation of non-
cultivated populations, as expected with a domestication bottleneck.  This study demonstrates 
whether this pattern, noted in comparisons of fully domesticated species and their wild relatives, 
can be detected early in the domestication process.  Observing a genetic bottleneck would 
indicate that genetic changes begin soon after domestication begins.  The absence of this pattern 
would indicate that in some cases, substantial genetic variation can be maintained over many 
generations of plant cultivation.  This study also permits testing of the timing of genetic and 
phenotypic change.  Observing a genetic bottleneck in regions that do not exhibit marked 
phenotypic change would suggest that genetic change predates phenotypic change.  Observing a 
bottleneck only in regions that do exhibit phenotypic change would suggest either that 
phenotypic change comes first, or that these two processes occur in tandem.  
 The third chapter explores genetic processes of domestication using non-coding DNA 
sequences of the chloroplast and nuclear genomes.  These loci evolve more slowly than 
microsatellite markers (Sunnucks, 2000).  They permit both more broad-scale inferences about 
the domestication process and phylogeographic approaches to understanding the history of the 
species.  Despite the recent timeframe of domestication, several studies have effectively used 
non-coding sequence data to understand how domestication affects the genetic structure of plant 
populations, particularly within a geographic context (e.g. Olsen and Schaal, 1999; Hyten et al., 
2006; Miller and Schaal, 2006; Chacón et al., 2007).  Analyses of the distribution of haplotypes 
between cultivated and non-cultivated populations, and the distribution of these haplotypes in 
geographic space, provide insight into how early processes of domestication affect the genetic 
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diversity of plants.  I compare these results with those of the microsatellite analyses of Chapter 2. 
Non-coding nuclear and chloroplast markers also permit the investigation of a basic 
phylogeographic question regarding the origin of the taxon.  Byrsonima is the second-largest 
genus in the Malpighiaceae (Anderson, Anderson, and Davis, 2006 onward).  It is an entirely 
American genus, with most of its species occurring in South America.  The geographic 
distribution of B. crassifolia spans both continents.  In Chapter 3, I use the same chloroplast and 
nuclear sequences used to study patterns of domestication in the species to investigate whether 
the center of genetic diversity of the species is in North or South America.  This chapter is 
followed by a statement of the overall conclusions of the dissertation. 
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CHAPTER 1 
ECOLOGICAL CHANGE DURING DOMESTICATION: ECOLOGICAL MODELING OF THE 
INCIPIENTLY DOMESTICATED FRUIT TREE, BYRSONIMA CRASSIFOLIA
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INTRODUCTION 
Domestication is a process during which unconscious and conscious selection by people 
causes genetic, phenotypic, and ecological changes in cultivated populations over time (Darwin, 
1875; Harlan, 1992; Clement, 1999).  In plants, this process can begin when people collect wild 
plant resources from their native habitats, proceed when they cultivate plants sourced from their 
original habitats in human-managed and human-made landscapes, and lead to the development 
of domesticated plant populations after many generations of cultivation and selective breeding 
(Casas et al., 1996; Casas et al., 2007).  Harlan (1992) particularly distinguishes between 
cultivation, or “conduct[ing] those activities involved in caring for a plant…” and domestication, 
which “deals with the genetic response of the plants or animals being tended and cultivated” (p. 
64).  This distinction emphasizes that not all cultivated plants are domesticated.  Within the 
continuum of domestication, some cultivated plant populations have begun to exhibit evidence of 
genetic, phenotypic, and ecological change, but have not reached the hallmark of a fully 
domesticated plant: reliance on people for survival (Harlan, 1992).  Cultivated populations of 
such “incipiently domesticated” plants are intermediate to wild and domesticated populations 
(Clement, 1999). 
Many genetic changes occur in plant populations during the transition from wild plant to 
domesticated crop.  Genetic variation underlying traits under selection is sharply reduced (see 
Olsen and Purugganan, 2002; Wright et al., 2005), as people primarily propagate plants with 
favored phenotypes and include fewer variants in successive generations.  Non-coding genetic 
variation is also reduced via “genetic hitchhiking” of DNA linked with traits under selection (Fay 
and Wu, 2000), and genome-wide genetic drift (Wright, 1931) resulting from sampling effects 
arising from the limited population sizes of cultivated populations.  
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Less is known about processes of ecological change, in part because most plant 
domestication studies focus on the traits that facilitate cultivation or improve food quality.  Fully 
domesticated commercial crops such as corn (Zea mays) and rice (Oryza sativa) have lost the 
ability to survive and reproduce without human management (Hillman and Davies, 1990; Harlan, 
1992; Clement, 1999), yet they are grown in a broad range of environments and occupy 
geographic space extending far beyond their original distributions.  For example, corn, which 
originated in the mid-elevation Balsas Region of southern Mexico (Matsuoka et al., 2002), is 
now grown on six continents in a variety of environments.  How this vast expansion of the 
geographical distributions of domesticated crops came about, and to what extent it is associated 
with an increase in their ecological amplitude, or range of tolerance of particular environmental 
factors (Cain, 1940), is relatively unexplored.  Does artificial selection alter the ecological 
conditions in which cultivated plants can survive and thrive, and if so, how and at what point in 
the domestication process does this change begin to take effect?   
Genetic changes accumulated through both artificial selection and adaptation to human-
managed landscapes may be expected to broaden the ecological amplitude of domesticated 
crops.  The alteration of micro-site environmental conditions by people, which may include 
irrigation, fertilization and elimination of competitors, may also support this trend.  In contrast, 
incipiently domesticated species may receive minimal management, and genetic changes are 
expected to be more limited (Clement, 1999).  The ecological overlap between non-cultivated 
and cultivated distributions of these species is unclear. 
Few studies have investigated ecological changes in incipiently domesticated plants.  In 
the only such investigation of which I am aware, Miller and Knouft (2006) used ecological 
distribution modeling to detect range expansion in cultivated populations of the incipiently 
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domesticated fruit tree, Spondias purpurea (Anacardiaceae).  This expansion could result from 
two processes: genetic changes in the plants due to selection that facilitate survival in new 
environments, or alteration of plant microhabitats by human management interventions such as 
fertilization and irrigation.  Miller and Knouft concluded that their finding likely results from 
genetic changes associated with the domestication process because cultivated S. purpurea plants 
receive little human care. 
An alternative scenario can be imagined, in which the ecological distribution of a plant 
early in the process of domestication may contract.  This could result if the plants taken into 
cultivation came from a geographically and therefore ecologically limited region.  This sample 
may contain a limited subset of the genetic variation of the species, with a narrower ecological 
amplitude.  In this scenario, in the earliest stages of the domestication process, cultivated plants 
would not yet have had the opportunity to adapt to new local conditions.  As additional 
cultivated, but not fully domesticated, species are examined, we may begin to determine general 
ecological patterns that occur during early domestication. 
The ecological impacts of early processes of plant domestication can be investigated 
using ecological distribution modeling.  Separate models of the occupation of ecological space of 
non-cultivated and cultivated populations of a species can be constructed, and compared with 
statistical procedures.  This approach can show whether cultivated populations retain their 
ancestral distributions, have reduced distributions (which may result from a sampling effect 
during early selection) or have expanded ranges due to selection for survival in diverse 
ecological conditions.   
Many traditional methods of species distribution modeling required both presence and 
absence locality data (see Guisan and Zimmermann, 2000).  As recently as 2004, a comparison 
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of the Generalized Linear Model (GLM) approach, which requires both presence and absence 
data, and Ecological Niche Factor Analysis (ENFA) (Hirzel, Chessel, and Perrin, 2002), a 
presence-only approach available at the time, found the accuracy of GLM to be superior 
(Brotons et al., 2004).  However, while presence occurrences may be obtained from different 
sources, it is rare to have a relevant set of absence localities for a species.  Few researchers use 
their limited time in the field to document where their species of interest is not located. 
In recent years, a number of presence-only species distribution modeling approaches have 
been designed and evaluated.  Sixteen modeling approaches are reviewed in Elith et al. (2006).  
Two of the most commonly used presence-only approaches include a genetic algorithm 
(Stockwell and Peters, 1999) implemented in the software DesktopGARP (“Genetic Algorithm 
for Rule-set Production”), and a machine-learning approach (Phillips, Dudik, and Schapire, 
2004) implemented in the software package Maxent (Phillips, Anderson, and Schapire, 2006; 
Phillips and Dudík, 2008).  Phillips and colleagues (2006) found that, while both perform well, 
Maxent better predicted suitable habitat area, as determined by comparison of the Area under the 
Curve (AUC) of Receiver Operating Characteristic (ROC) analyses.  A 2007 comparison of the 
two models (Peterson, Papeș, and Eaton) found that both perform well, although they have 
different strengths.  Maxent was shown to perform well in a comparison with ten other methods 
of modeling the ecological distributions of species, and was among the best of the presence-only 
methods (Elith et al., 2006). 
In this study, I used Maxent to model the ecological distributions of non-cultivated and 
cultivated populations of the incipiently domesticated Neotropical fruit tree, Byrsonima 
crassifolia (L.) Kunth (Malpighiaceae).  I selected B. crassifolia for this study based on its broad 
geographic distribution, its strong representation in herbarium collections, and its status as a 
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commonly cultivated but not fully domesticated plant showing some evidence of phenotypic 
divergence between non-cultivated and cultivated populations.  Maxent was selected based on its 
high performance in comparative methods studies (Elith et al., 2006; Hernandez et al., 2006; 
Peterson, Papeș, and Eaton, 2007). 
In this chapter, I tested the hypothesis that cultivated B. crassifolia populations occupy a 
broader ecological distribution than wild populations.  I predicted that cultivation would have 
expanded the ecological range of nance populations.  I based this prediction on the fact that on a 
whole, cultivated nance populations are unlikely to have been derived from populations in a 
limited geographic, and therefore ecological, region.  Cultivation is widespread throughout Latin 
America, and plants are unlikely to have had a single origin.  Cultivated plants in most regions 
receive limited human care, and yet in some regions plants may be planted far from their region 
of origin (i.e. plants obtained via traveling salesmen).  Over many generations, bringing B. 
crassifolia plants into new areas and environments may be expected to contribute to an 
expansion of the ecological distribution of cultivated populations. 
 
MATERIALS AND METHODS 
Samples and Software 
Maxent is a software package that uses a maximum-entropy, machine-learning approach 
to model the ecological distributions of species using presence-only locality data (Phillips, 
Anderson, and Schapire, 2006; Phillips and Dudík, 2008).  This program was used to construct 
models of the ecological distributions of non-cultivated and cultivated B. crassifolia.  My 
hypothesis was tested globally, with an analysis of the entire distribution of B. crassifolia, and 
also regionally, by developing independent models focusing solely on Mexico.  Regional models 
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can be used to determine whether ecological differentiation is consistent throughout the species 
range, or if greater differentiation is observed where phenotypic variability of fruits is more 
pronounced than in areas where cultivation has long been practiced but phenotypic variability is 
lower.  Mexico was selected for the regional models due to its strong history of B. crassifolia 
cultivation, presence of distinct nance varieties in some areas, and abundance of both non-
cultivated and cultivated samples among field-collected and herbarium samples.  I used the 
geographic coordinates of non-cultivated and cultivated B. crassifolia plants derived from 
several sources to create and test my models.  Nineteen BioClim 30 arc-second resolution 
environmental layers and an elevation layer (Hijmans et al., 2005a) available online at 
http://www.worldclim.org/bioclim (Table 1.1) provided an approximation of ecological 
conditions across geographic space for the model.   
Study System 
Byrsonima crassifolia is a widely distributed, incipiently domesticated fruit tree native to 
savannas and dry forests of the tropical Americas.  It is primarily outcrossing, but can set seed 
via self-pollination (Bawa, 1974).  Oil-collecting bees are believed to be its primary pollinators 
(Vinson et al., 1997), and birds commonly disperse its fruits (Correa, 2003).  The intensity of 
plant cultivation in B. crassifolia varies greatly by region, although in general, nance plants 
receive little care from the people that cultivate them (pers. obsv.).  In Panama, nance plants 
growing in association with human settlements typically arrived spontaneously, presumably via 
birds or seeds discarded from fruits eaten by people.  Nance plants are used for many purposes in 
rural Panama (Love and Spaner, 2005).  People cut down few of the plants that spontaneously 
germinate in the area near their homes, and do not selectively cut them based on fruit qualities.  
The extent of care is typically limited to removing nearby competitors.  In Brazil and in parts of 
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Mexico, during my field studies, local people reported a combination of B. crassifolia plants 
arriving without directed human action and of people intentionally planting them from seeds or 
as seedlings (pers. obsv.).  Particularly in Veracruz and parts of Guerrero, Mexico, local people 
reported buying nance seedlings to plant from traveling salesmen.  Nance was planted 
extensively in the orchards of Nayarit, Mexico.  Throughout much of Mexico and Brazil, local 
people reported selectively cutting down some nance trees after they produced their first fruits, 
based on unfavorable fruit characteristics.  Care often included removing competitors growing 
around a nance plant, rarely included watering, and almost never included fertilization, except in 
some cases of plants in orchards or single plants particularly favored for their fruit qualities. 
Samples 
In this study, I defined cultivated plants as those growing in towns and villages, along 
streets or in gardens, or in orchards, where many nance trees had been planted for the sale of 
fruits. Some cultivated populations included nance plants of named varieties, while others did 
not.  Non-cultivated plants were defined as those growing without directed human influence.  
These included plants growing in forests and savannas, but also in more disturbed habitats, 
which included pastures and roadsides.  While it is possible that some of these plants may be 
managed with fire or impacted by livestock, I deemed that these trees had not been planted or 
selectively removed by people based on fruit or other plant qualities. 
Sample localities were derived from field collections, primary literature, visits to local 
herbaria, and from online herbarium resources, including the online databases of the Missouri 
Botanical Garden5 (2009), New York Botanical Garden6 (2003), Rio de Janeiro Botanical 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
5 http://www.tropicos.org Accessed on March 20, 2009.   
6 http://sciweb.nybg.org/science2/VirtualHerbarium.asp Accessed on March 20, 2009.   
	  	   35	  
Garden (Jardim Botanico do Rio de Janeiro, [Internet])7, and the Red de Biodiversidad del 
Occidente de México (Universidad de Guadalajara, 2010)8 (Appendix 1). 
Field-collected localities for this study were recorded between 2009 and 2011, during 
collecting trips to Bolivia (May 19 – June 14, 2009), Mexico (July 11 to August 8, 2009 and 
August 7 to August 28, 2010), Panama (September 2 – September 23, 2010), and Brazil (April 
16 – May 5, 2011).  In each region, sites were chosen with guidance from locations of previous 
collections.  These were obtained from the online databases of the Missouri Botanical Garden, 
New York Botanical Garden, and Rio de Janeiro Botanical Garden; from local herbaria consulted 
on-site; and in consultation with local field assistants and residents.  In selecting sites, I looked 
for areas with high relative abundance of B. crassifolia.  I attempted to include both non-
cultivated and cultivated populations, and to maximize distances between sites of the same 
cultivation type.  
I recorded latitude, longitude, and elevation for each sample using the same Garmin 
76CSX handheld GPS unit (Garmin, Olathe, Kansas, USA).  Cultivation status was determined 
and recorded in the field.  Additional data, including approximate plant height, reproductive 
status, fruit type if known, common name, habitat type, and associated species were also 
recorded for use in other studies.  Leaf samples for DNA analysis and photographs were taken 
for all plants.  Voucher specimens were collected from one plant in most sampled areas, and 
deposited in the herbarium of the Missouri Botanical Garden (MO) and local herbaria (see 
Chapter 2 for additional details).  Although multiple plants were collected from most collection 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
7 http://www.jbrj.gov.br/jabot/formularios/frmfiltroespecimes_pub.php Accessed on October 5, 
2009.  
8 http://rebiomex.org Accessed by Miguel Cházaro in July of 2010. 
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sites, field-collected localities for this study were limited to one per population to avoid sampling 
bias due to duplicate sampling (Phillips et al., 2009). 
Herbarium voucher labels were consulted either in-person or via online databases to 
determine the cultivation status of each herbarium collection.  This determination was made 
using the same criteria as for the field-collected plants, based on written descriptions of where 
the plant was found rather than on direct observation.  Status as a cultivated plant was inferred by 
location in home gardens or orchards, or comments regarding the edible nature of the fruit.  
Ambiguous records were excluded.  Records that did not provide geographic coordinates were 
also excluded. 
Because many more non-cultivated than cultivated plant localities were identified, 
additional cultivated localities were sought in the literature.  Few publications provide 
georeferenced data for cultivated B. crassifolia plants.  However, four locations were identified 
from two papers that describe nance cultivation in Mexico (Casas et al., 1996; Medina-Torres, 
Salazar-Garcia, and Gomez-Aguilar, 2004). 
For the global analyses, 582 samples were used.  These included 99 field-collected 
localities, 479 herbarium localities, and four localities derived from the literature.  Among them 
were 511 non-cultivated and 71 cultivated localities.  For the regional (Mexico) analyses, 148 
localities were used. These included 51 field-collected localities, 93 herbarium localities, and 
four localities from the literature.  These included 104 non-cultivated and 44 cultivated localities. 
Ecological Data 
 I prepared each BioClim layer for use in the global and regional analyses.  BioClim 
layers are available as global data, in which each layer holds data for one variable across the 
entire globe, and also as sixty independent regional tiles, in which each tile holds data for one 
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variable across a 30 by 30 degree geographic expanse.  Before they could be used in Maxent, 
BioClim layers were converted between file formats and stitched together (global analyses) or 
trimmed to the region of interest (regional analyses).  
For the global analyses, I first downloaded BioClim tiles 22, 23, 33, and 34.  These 
include all areas in which the B. crassifolia localities occur, covering the region between 120 and 
30 degrees west and between 30 degrees north and 30 degrees south.  These tiles were available 
for download as “band interleaved by line,” or “BIL” files.  The software ArcGIS v9.2 (ESRI, 
2009) was used to convert each downloaded BIL file to an ASCII file, a file format compatible 
with both ArcGIS and Maxent, using the “Convert to Raster” tool in the ArcGIS toolbox.  This 
can also be accomplished via a two-step batch process using the software, DIVA-GIS (Hijmans 
et al., 2005b).  All files in a folder can be converted from BIL to “grid,” or “GRD,” files using 
the “Import to Raster” command.  These GRD files can then be converted to ASCII files using 
the “Export to Raster” command.  Next, ArcGIS was used to stitch together the four tiles for 
each environmental layer using the “Mosaic” tool in the ArcGIS toolbox.  These stitched tiles 
were used as environmental layers in Maxent. 
For the regional analyses, I focused on B. crassifolia in Mexico.  It has been shown that 
the accuracy of the ecological distribution model increases with increasing geographic specificity 
of the environmental layers used to create it (Elith et al., 2011).  To prepare the regional 
environmental layers for use in Maxent, I first downloaded a GIS shape file (.shp) of the 
administrative borders of Mexico from the data page of the DIVA-GIS website 
(http://www.diva-gis.org/data9) for use as a geographic template.  Global layers for the 19 
BioClim variables and altitude, available as BIL files, were also downloaded.  Each BIL file was 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
9 Accessed on October 1, 2012. 
	  	   38	  
converted to an ASCII file, as required for further processing.  I next used the “Extract by Mask” 
tool in “Spatial Analyst Tools” in the ArcGIS toolbox to clip each BioClim data layer to the 
geographic extent of Mexico, using the GIS shape file of Mexico as a mask.  This tool creates a 
raster, containing data only for the geographic extent of the mask, which was then converted to 
an ASCII file for use in Maxent as an environmental layer, again using the “convert to raster” 
tool of the ArcGIS toolbox. 
Model Construction 
 Default Maxent parameters were used to construct each model.  These include a 
maximum of 500 iterations and a convergence threshold of 0.00001.  Fifty percent of sample 
localities were used to create the model and 50 percent were withheld to test it.  I selected the 
options to create a logistic output (rather than cumulative), make pictures of predictions, create 
response curves, and do jackknife tests to measure the importance of variables.  Maxent creates 
files for each of these options at the end of each run. 
Analyses 
Evaluating the Models 
 Maxent provides a general overview of the modeling process with “omission versus 
commission” curves.  These curves show how the omission rate of test and training samples and 
the predicted area vary with the choice of cumulative probability threshold.  The predicted curve 
is a linear increase in area covered with increasing cumulative threshold.  If the omission on test 
samples is far below that of training samples, this may indicate a high degree of spatial 
autocorrelation of the two sample types.   
Model effectiveness was assessed by examining the Area Under the Curve (AUC) of the 
Receiver Operating Characteristics curves (ROC) of each model, also known as a sensitivity 
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versus specificity analysis.  This analysis determines the fit of the data to the model.  One curve 
shows the fit of the training data to the model, and another shows the fit of the test data.  A 
random prediction would yield an AUC of 0.5.  A perfect fit would yield an AUC of 1, 
indicating that the model perfectly represents the ecological distribution of the species and can be 
used effectively to predict species occurrences.  A model with an AUC of greater than 0.75 is 
considered potentially useful (Elith, 2002).  The AUC of the training data is expected to be 
greater than that of the test data. 
The importance of each environmental variable in the creation of the model was assessed 
via jackknife tests of regularized training gains in Maxent.  In this test, a series of test models are 
created, omitting each variable in turn.  Additional models are created using only each variable 
in turn.  We can determine the relative importance of each variable to the development of the 
model by comparing the training gains of these test models.  
Comparing the Models 
 One of the few studies of potential ecological divergence between non-cultivated and 
cultivated populations of an incipiently domesticated species (Miller and Knouft, 2006) used 
reciprocal predictivity analyses (Peterson et al. 1999; Phillips et al. 2006) to compare the overlap 
of the two models.  Using this method, a greater than expected overlap between actual non-
cultivated localities and the cultivated model would indicate that the ecological distribution of 
the cultivated plant has not significantly changed during the domestication process.  A smaller 
than expected overlap, or one that is not different from random, would indicate that the 
ecological distribution had changed, and potentially expanded, during domestication.  This test 
can be reversed, using cultivated localities in the non-cultivated model to test for a shrinking 
ecological distribution during domestication.  However, this method requires the identification of 
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a probability threshold for comparison of the two models.  Warren, Glor, and Turelli (2008) 
showed that the selection of this threshold influences the conclusions drawn from such 
comparisons. 
 Alternative methods of comparing environmental niche models, independent of 
thresholds, were suggested by Warren and colleagues (2008).  Two primary approaches were 
proposed: tests of niche overlap and niche identity.  The test of niche overlap measures how 
similar the predicted habitat suitabilities of the two species are.  The null hypothesis is that the 
niche model of Species A predicts the actual localities of Species B no better than random 
chance.  The alternative hypothesis, that the niche model of Species A predicts the actual 
localities of Species B better than random chance would indicate overlap of the two 
environmental niches, measured as a range from zero (the two environmental niche models are 
completely different) to one (the environmental niche models are identical).  In the test of niche 
identity, the null model is one of no difference between the ecological distributions of the two 
species.  The alternative hypothesis is one of differences between the models.  By applying both 
of these approaches, it is possible to determine whether the two models compared are statistically 
different. 
The two statistics proposed by Warren and colleagues (2008) are Schoener’s D (D) 
(Schoener, 1968) and a Hellinger-based similarity statistic (I) (Van der Vaart, 1998).  An 
additional test, the relative ranks test (RR), was introduced for these comparisons in a later paper 
(Warren and Seifert, 2011).  All three of these statistics range from zero to one.  Zero is defined 
as the case in which the predicted environmental tolerances of the two species do not overlap at 
all.  One is the case in which they overlap completely.  These statistics are used to evaluate both 
the niche overlap and niche identity tests. 
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 Schoener’s D was proposed because of its history of use in the ecological literature, and 
the fact that it can be directly compared to D statistics derived from comparisons based on 
biological measures of niche similarity.  The I statistic derives from the mathematical literature, 
for comparing two probability distributions.  It was modified from the Hellinger distance so that 
it ranges from zero to one instead of zero to two.  The RR statistic measures the ability of the 
model to estimate the relative ranks of portions of the habitat distribution.   
In the present study, these tests were implemented using the software ENMTools 
(Warren, Glor, and Turelli, 2010).  This program interacts with Maxent to test hypotheses based 
on models that Maxent produces.  
I tested for differences between the non-cultivated and cultivated models generated for 
both global and regional data.  I first measured the degree of overlap between the two Maxent 
models using the “Niche Overlap” function of ENMTools.  This function directly compares the 
ASCII files of geographic habitat suitability generated for the two species in Maxent, and tests 
the similarity of the habitat suitability scores of the two models.   
I next tested niche identity using the “Identity” function in ENMTools.  For this test, 
ENMTools first generates pseudoreplicate data sets by pooling the sample localities from the two 
user-identified groups and randomly assigning the original proportion of samples to one group or 
the other.  It then uses Maxent to create a pair of niche models from each pseudoreplicate 
dataset, which ENMTools then compares using the I, D, and RR statistics.  The same locality 
data and environmental layers were used as in the original Maxent runs.  One hundred replicates 
were used for each comparison (Global, Regional). 
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RESULTS 
Model Evaluation 
Global 
 The global non-cultivated and cultivated models can be seen in Figure 1.1.  In this figure 
(and in Figure 1.5), models are presented as “heat maps” in which cooler colors depict areas with 
lower probability of species occurrence and warmer colors depict areas with higher probabilities.  
White boxes represent training localities, and purple boxes represent testing localities.  Fifty 
percent of all localities were selected for training, with the remaining fifty percent used to test 
the model.  There were many fewer cultivated than non-cultivated samples (71 vs. 511 
localities), primarily due to presumed collecting biases favoring the collection of plants growing 
outside of human settlements.  Collections were not evenly distributed throughout the global 
range.  Mexico, Nicaragua and Venezuela were strongly represented, with fewer collections in 
other parts of the distribution. 
 Particularly for the non-cultivated model, the omission on test samples is a very good 
match to the predicted omission rate (Figure 1.2).  Both the turquoise (training) and blue (testing) 
curves are close to the predicted omission rate (black line) of a linear increase in the fractional 
value of the predicted geographic area covered with increasing cumulative threshold.  Marked 
differences between test and training data are not observed. 
 The Receiver Operating Characteristic curves (ROC) for the global analysis can be seen 
in Figure 1.3.  In the ROC figures, the red curve shows the fit of the model to the training data.  
The blue curve shows the fit of the model to the testing data.  In this type of analysis, the training 
curve generally has a higher area under the curve (AUC) than the testing curve.  The testing 
curve is an important test of the predictive power of the model. Maxent creates these curves 
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using “fractional predicted area” rather than the more common “fraction of absences predicted 
present” because models are created with presence-only data. 
The AUC statistics show that the non-cultivated model predicts both test and training 
samples well (AUC for training samples = 0.930; AUC for testing samples = 0.871).  Although 
both models fit the data well, the cultivated model better predicts cultivated localities than the 
non-cultivated model predicts non-cultivated localities (AUC for training samples = 0.959; AUC 
for testing samples = 0.945).   
 Jackknife analyses of the twenty environmental variables reveal that Bio13 (Precipitation 
of the Wettest Month, in millimeters) is the most important variable in creating the global non-
cultivated model (Figure 1.4a).  Models constructed using this variable alone achieve the greatest 
fit to the training data of all models created with only one variable.  Of the twenty layers, models 
constructed using only these data increase the training gain of the model most.  The loss of any 
one layer does not significantly impact this model.  Bio18 (Precipitation of the Warmest Quarter, 
in millimeters) contributes the least to model construction.  Models created with only this 
variable achieve almost no training gain.  For the global cultivated model, altitude and Bio4 
(Temperature Seasonality, a measure of the coefficient of variation of mean monthly 
temperatures) contribute most (Figure 1.4b).  Bio 18 and Bio2 (Mean Diurnal Range, the 
difference between the maximum and minimum mean monthly temperatures in °C) contribute 
the least. 
Regional: Mexico 
The regional non-cultivated and cultivated Maxent models are shown in Figure 1.5.  As 
in the global analyses, non-cultivated localities were better represented than cultivated localities 
in the regional analyses (104 vs. 44 localities).   
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The omissions on test samples match well to the predicted omission rates (Figure 1.6).  
Stronger differences between test and training data are seen in the cultivated model than in the 
non-cultivated model, and may suggest some autocorrelation of cultivated samples. 
 The ROC curves for the regional analysis are shown in Figure 1.7.  Area Under the Curve 
(AUC) values for the non-cultivated regional model for both training (AUC = 0.933) and testing 
(AUC = 0.918) localities show a strong fit of the data to the model.  This is also true for the 
cultivated model (AUC for training localities = 0.946; AUC for testing = 0.886).  The non-
cultivated model predicts the non-cultivated test distribution somewhat better than the cultivated 
model predicts the cultivated test distribution. 
 In the regional models, Bio5 (Maximum Temperature of the Warmest Month), Bio14 
(Precipitation of the Driest Month), Bio17 (Precipitation of the Driest Quarter), and Bio19 
(Precipitation of the Coldest Quarter) had little effect on model construction for either the non-
cultivated or non-cultivated models when compared with other environmental variables (Figure 
1.8).  Jackknife analyses reveal that models constructed with each of these variables on their own 
achieve poor fit to the training data.  Bio4 (Temperature Seasonality) had the strongest effect on 
the non-cultivated model.  Bio11 (Mean Temperature of the Coldest Quarter) had the greatest 
effect on the cultivated model.  As with the global models, leaving out any one environmental 
layer had little impact on the fit of the model to the training data. 
Model Comparison 
 Comparisons of non-cultivated and cultivated ecological distributions for both global and 
regional models are presented in Figure 1.9.  Figures 1.9a (global) and 1.9b (regional) depict the 
statistical results from the niche overlap analysis as a histogram of Schoener’s D statistics (blue 
bars) calculated for each of the 100 pseudoreplicates generated in ENMTools.  Pseudoreplicate 
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datasets were generated by randomly assigning sample localities to the non-cultivated or 
cultivated category in the same proportions as the original data categorization.  Each Schoener’s 
D statistic results from comparing the identity of the pseudoreplicated non-cultivated and 
cultivated environmental distribution models created in Maxent.  The red arrow depicts the D 
statistic derived from the identity test that was run with the actual data.  Schoener’s D varies 
from zero to one.  A value of zero indicates no overlap in the environmental tolerances of the 
two modeled plant types; a value of one indicates complete identity. 
Global 
 For the niche overlap test of the global models, D = 0.6989, I = 0.9161, and RR = 0.7991.  
For the niche identity test, D values varied between 0.6896 and 0.8339, with the majority of 
pseudoreplicate sets ranging between 0.75 and 0.85.  The similarity score based on actual non-
cultivated versus cultivated locality data derived from the niche overlap test of the non-cultivated 
model predicting cultivated localities (D = 0.6989) falls within the null distribution, at the 
extreme lower range of values (Figure 1.9a).  This suggests that the ecological distribution of 
global non-cultivated and cultivated B. crassifolia have not diverged to a statistically significant 
extent. 
Regional 
 For the niche overlap test of the Mexico models, D = 0.7014, I = 0.9266, and RR = 
0.8851.  For the niche identity test, Schoener’s D varied from 0.6824 to 0.8139, with the majority 
of pseudoreplicate sets giving a range between 0.75 and 0.8.  The similarity score based on 
actual non-cultivated versus cultivated locality data derived from the “niche overlap” test of the 
non-cultivated model predicting cultivated localities (D = 0.7014) falls within the null 
distribution of similarity scores derived from 100 pseudoreplicate data sets in which non-
	  	   46	  
cultivated and cultivated localities were randomly interchanged (Figure 1.9b).  D statistics for 
these pseudoreplicate datasets, generated for the identity test, range from 0.6824 to 0.8139.  This 
indicates that no difference between the two distributions is detected.  Non-cultivated and 
cultivated ecological distributions of B. crassifolia in Mexico have not diverged to a statistically 
significant extent. 
 
DISCUSSION 
Ecological Change in Byrsonima crassifolia 
 This study shows that, although non-cultivated and cultivated populations of Byrsonima 
crassifolia can be distinguished based on such characteristics as common name, whether or not 
they are cared for or selectively propagated by people, and the microsite in which they live (for 
example, in a dooryard garden, pasture, or savanna within a narrow geographic region), the 
ecological distributions of the two population types remain statistically indistinguishable.  This 
was shown in a global analysis of collections made throughout its entire distribution, and in a 
regional analysis focusing solely on Mexico.  These results suggest that B. crassifolia plants in 
cultivation have not adapted to new ecological conditions based on where people live to an 
extent that exceeds the range of ecological conditions potentially occupied by non-cultivated 
plants.  Phenotypic characteristics, such as fruit size, color, and flavor, may experience changes 
associated with the domestication process before the manifestation of appreciable changes in 
plant ecological characteristics at large geographic scales.  The timing of genetic changes in 
early domestication is addressed in Chapters 2 and 3. 
 A few nance characteristics may contribute to this absence of detected ecological change.  
Byrsonima crassifolia has a large geographic distribution and occurs in a broad range of tropical 
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ecological conditions (Correa, 2003).  Its tolerance of poor soils, drought, and fire are commonly 
noted (Morton, 1987; Hoyos-F., 1989; Correa, 2003).  The broad ecological amplitude of this 
species in its native range may mean that significant alteration of its ecological characteristics 
has been unnecessary for survival in human-managed landscapes.  Another contributing factor 
may be its varied history of cultivation within its distribution.  Archaeological records indicate 
that B. crassifolia was used in Panama as early as 6,860 years before present (Cooke and 
Linares, 1992) and in Chiapas, in southeastern Mexico, as early as 11,800 years before present 
(Trabanino, 2010).  Consumption of wild fruits does not necessarily indicate that cultivation and 
domestication were in progress, but it does suggest that an association between people and nance 
had begun in those regions at those times.  During field studies conducted for this Chapter, I 
observed a range of nance management in cultivation, from careful cultivation practices and 
strong selective preferences for fruit type (particularly in Veracruz and Oaxaca, in southeastern 
Mexico), to no selective preferences or noticeable phenotypic variability of fruits in others (most 
notably in Panama).  This range of cultivation practices and cultivation histories may dilute any 
signal of instances in which cultivation has altered the ecological tolerance of populations of this 
species.  Even within Mexico, different histories of use and extent of selective pressures may 
prevent the detection of a signal of ecological change.  What we can conclude is that, on a whole, 
cultivation has not shifted the ecological amplitude of nance. 
Ecological Change and Incipient Domestication 
The domestication process can transform wild plant populations limited in their 
geographic range into globally distributed plants dependent on people for their survival.  These 
changes profoundly impact the ecological characteristics of domesticated species.   
As one such example of the changing fortunes of plants under domestication, tomatoes (Solanum 
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lycopersicum) originated in the Andes, were likely domesticated in Mexico, then sent to Europe, 
and are now grown around the world (Jenkins, 1948; and reviewed in Bai and Lindhout, 2007).  
Management interventions such as fertilization and irrigation surely contribute in part to making 
this expansion possible, and yet new selective pressures are expected to alter characteristics 
inherent to such plants (Darlington, 1956; Heiser, 1988; Zohary, 2004).  Changes in ecological 
characteristics associated with plant domestication, such as the loss of photoperiod sensitivity in 
barley (von Bothmer et al., 2003), have permitted expansion of domesticated populations into 
new environments.  These trends towards geographic and ecological expansion are clear in 
domesticated plants.  Incipiently domesticated plants receiving few management interventions 
offer the opportunity to discover at what point in the domestication process these transitions may 
have occurred. 
Very few studies have evaluated the ecological effects of cultivation on incipiently 
domesticated plants by directly comparing ecological models of non-cultivated and cultivated 
plant populations.  Among the only other such studies is that of Miller and Knouft (2006), which 
found that the ecological distribution of cultivated populations of Spondias purpurea had 
expanded relative to wild populations, from seasonally dry habitats into areas with less seasonal 
habitats.  They attributed this to real changes in the environmental tolerance of cultivated 
populations effected by generations of selection associated with cultivation.  A study of the semi-
domesticated tamarind (Tamarindus indica), using a single dataset that included localities from 
both within and outside of its native distribution, inferred an expansion of the ecological 
distribution of the species by analyzing regional patterns of ecological tolerance (Bowe and Haq, 
2010).  Non-cultivated and cultivated models for this species were not explicitly compared. 
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Additional studies of plants in the early stages of domestication will strengthen our 
understanding of how, and at what point in the domestication process, cultivated plants are 
pushed to adapt to new environmental conditions.  Particularly when combined with genetic 
analyses, these studies will begin to illuminate the timing of changes that lead from wild plants 
with no human interactions to domesticated crops existing in mutually beneficial relationships 
with people, in which plants rely on people for survival and reproduction just as people rely on 
the plants.  The present study supplies an additional dataset from which to draw conclusions 
about the early ecological processes of domestication.   
Notes on the Models 
The utility of the different environmental layers varied much more in the creation of the 
regional models than they did in the creation of the global models, as revealed by jackknife 
analyses of regularized training gains in pseudoreplicate models that omitted each variable in 
turn (Figure 1.8 versus Figure 1.4).  It is possible that this discrepancy resulted from differences 
in the ratios of the geographic extent of background data compared with the geographic coverage 
of the samples.  Maxent uses background data from environmental layers to provide a context for 
environmental conditions where the modeled species is known and is not known to occur.  These 
background data, also called “pseudo-absences,” (Phillips and Dudík, 2008) are used in model 
construction and evaluation.  In their analysis of the effect of the geographic extent from which 
background samples are selected, VanDerWal and colleagues (2009) concluded that the optimal 
models are created using environmental layers of intermediate geographic extent.  They 
determined optimality by using measures of the Area Under the Curve (AUC) of the receiver 
operating characteristic (ROC) curve.  They also note that models become increasingly 
simplified, relying on fewer environmental conditions, as the geographic area from which 
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pseudo-absences are drawn increases.  Tailoring the geographic extent of the environmental 
layers to the sample localities may alter the effectiveness of the model. 
An additional consideration is that environmental conditions across regions of Mexico, as 
in the regional analyses, may be expected to be more similar to one another than these conditions 
would be across all of Mexico, Central America, and South America between 30 degrees latitude 
North and South, as in the global analyses.  Environmental variables that are most similar across 
Mexico may be expected to exert little influence on model construction.  Variables that differ 
more strongly across Mexico may be expected to exert greater influence.   
Notes on the Samples 
The construction of accurate and useful ecological distribution models relies in large part 
on the quality and abundance of locality data used to construct them (Wisz et al., 2008; Lozier, 
Aniello, and Hickerson, 2009; Phillips et al., 2009).  My study made use of two types of locality 
data: field-collected localities and localities derived from herbarium records. 
 Field-collected localities were preferred because they provided the most current locations 
of B. crassifolia plants, the most complete and most consistently-collected data, and the best 
coverage of cultivated plant localities.  The drawback of field-collected localities results from the 
financial and time constraints of field collecting that limit the geographic coverage of the 
samples that can be collected. 
Herbaria, whether they are consulted in person or online, are excellent resources for 
identifying species occurrence data.  In one location, they house plants and associated data 
collected by numerous plant collectors from recent years and into the distant past.  Herbaria 
house data from a broad geographic extent that no one researcher could visit in person.  
Preliminary species determinations are generally made in the field, and official determinations 
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are made later by taxonomic experts, ensuring that the plant in question is indeed of the target 
species.  This accuracy of taxonomic classification is essential to ensuring the construction of a 
representative model of the ecological distribution of the species (Lozier, Aniello, and 
Hickerson, 2009), and herbaria have been relied on to supply locality data in numerous 
ecological modeling studies (i.e., Miller and Knouft, 2006; Lenz, Bye, and Sánchez-Cordero, 
2007; Sheth et al., 2008; Thompson et al., 2011; and see review by Donaldson, 2009).   
However, these data do have some limitations (see also Elith et al., 2006).  Regional 
herbaria may be limited in the geographic coverage of their records.  Relying only on a few 
regional herbaria to construct environmental distribution models could bias locality data towards 
particular geographic regions, associated with a limited band of ecological characteristics, at the 
expense of other regions in which a species occurs.  While the vast number of contributors to an 
herbarium’s collection increases its strength in number of records, it may also contribute to a 
weakness.  Many different collectors have obtained the data deposited in herbaria using different 
instruments, and they have recorded these data in different formats, including varying levels of 
detail.  Many voucher labels consulted for the present study did not provide any geographic 
coordinates, instead describing the general region in which a plant was found.  Others provided 
coordinates that were estimated after the plant was collected, based on these locality 
descriptions.  Older plant collections may represent past distributions that have since changed.  
And finally, cultivated plants are not typically well represented in herbaria (pers. obsv.).  
Although some plant collectors do collect from homes and villages, most collectors focus their 
efforts on populations outside of human settlements.  Both herbarium records and field-collected 
localities may suffer to some extent from the same type of sampling bias noted in Reddy & 
Dávalos (2003): increased sampling in easily accessible locations near cities, rivers and roads. 
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The combined use of both field-collected and herbarium record locality data in this study 
resulted in the development of models that fit the data well.  Omission versus commission curves 
for testing data in both the global and regional models do not suggest that autocorrelation of the 
testing and training samples was an issue, except perhaps in the case of the regional cultivated 
model.  Inclusion of additional samples from additional sources may improve this model.  
Statistical analyses of the ROC curves show that the data fit the models well for both global and 
regional non-cultivated and cultivated models.  
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Figure 1.1 Global distribution models for (a) non-cultivated and (b) cultivated B. crassifolia.  
Warmer colors indicate greater probability of occurrence.  Cooler colors indicate lower 
probability of occurrence.  White boxes indicate training localities, while purple boxes represent 
testing localities.  Five hundred eleven non-cultivated localities were used, with 50 percent 
reserved for testing the model.  Ninety-nine cultivated localities were used to create and test the 
cultivated model.  The non-cultivated distribution is larger than the cultivated distribution.   
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Figure 1.5 Regional (Mexico) distribution models for (a) non-cultivated and (b) cultivated B. 
crassifolia. Warmer colors indicate greater probability of occurrence.  Cooler colors indicate 
lower probability of occurrence.  White boxes represent training localities, while purple boxes 
represent testing localities.  One hundred four non-cultivated localities were used, with 50 
percent reserved for testing the model.  Forty-four cultivated localities were used to create and 
test the cultivated model.  
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Figure 1.9 Comparisons of (a) global and (b) regional non-cultivated and cultivated ecological 
distributions of B. crassifolia as produced using the software, Maxent. Comparisons were 
conducted using ENMTools.  The blue bars represent the frequency of D values in the indicated 
range produced from 100 pseudoreplicate runs in ENMTools.  Each pseudoreplicate run 
randomly interchanged non-cultivated and cultivated B. crassifolia localities, and built Maxent 
models from each data set using the same environmental layers used for the original Maxent 
models.  The red arrow indicates the D statistic for the non-cultivated distribution model, created 
using actual non-cultivated and cultivated locality data, predicting actual cultivated localities.  In 
(a), the actual D value (0.6989) falls within the distribution of the modeled D values, indicating 
that the non-cultivated and cultivated models are not statistically different.  In (b), the same 
pattern is observed (actual D = 0.7014). 
 
	  	   71	  
(a) 
 
 
 
(b) 
 
0 
10 
20 
30 
40 
50 
60 
0 
0.0
5 0.1
 
0.1
5 0.2
 
0.2
5 0.3
 
0.3
5 0.4
 
0.4
5 0.5
 
0.5
5 0.6
 
0.6
5 0.7
 
0.7
5 0.8
 
0.8
5 0.9
 
0.9
5 1 
Fr
eq
ue
nc
y 
Schoener's D 
0 
10 
20 
30 
40 
50 
60 
70 
80 
0 
0.0
5 0.1
 
0.1
5 0.2
 
0.2
5 0.3
 
0.3
5 0.4
 
0.4
5 0.5
 
0.5
5 0.6
 
0.6
5 0.7
 
0.7
5 0.8
 
0.8
5 0.9
 
0.9
5 1 
Fr
eq
ue
nc
y 
Schoener's D 
	  	   72	  
Table 1.1 BioClim climate variables.  These variables were used as environmental layers in the 
construction of ecological models for Byrsonima crassifolia. 
 
Variable No. Climate Variable 
BIO1  Annual Mean Temperature 
BIO2  Mean Diurnal Range (Mean of monthly (max temp - min temp)) 
BIO3  Isothermality (BIO2/BIO7) (* 100) 
BIO4  Temperature Seasonality (standard deviation *100) 
BIO5  Max Temperature of Warmest Month 
BIO6  Min Temperature of Coldest Month 
BIO7  Temperature Annual Range (BIO5-BIO6) 
BIO8  Mean Temperature of Wettest Quarter 
BIO9  Mean Temperature of Driest Quarter 
BIO10  Mean Temperature of Warmest Quarter 
BIO11  Mean Temperature of Coldest Quarter 
BIO12  Annual Precipitation 
BIO13  Precipitation of Wettest Month 
BIO14  Precipitation of Driest Month 
BIO15  Precipitation Seasonality (Coefficient of Variation) 
BIO16  Precipitation of Wettest Quarter 
BIO17  Precipitation of Driest Quarter 
BIO18  Precipitation of Warmest Quarter 
BIO19  Precipitation of Coldest Quarter 
  
ALT Altitude 
	  	  73	  A
pp
en
di
x 
1 
Lo
ca
lit
ie
s u
se
d 
fo
r M
ax
en
t m
od
el
 c
on
st
ru
ct
io
n 
an
d 
te
st
in
g.
  T
he
 re
m
ar
k 
“n
.d
.”
 in
di
ca
te
s m
is
si
ng
 d
at
a;
 a
 d
as
h 
in
di
ca
te
s t
he
 
ca
te
go
ry
 d
oe
s n
ot
 a
pp
ly
.  
Fo
r c
ul
tiv
at
io
n 
st
at
us
 (“
C
ul
tiv
. S
ta
tu
s”
), 
“N
C
” 
in
di
ca
te
s a
 n
on
-c
ul
tiv
at
ed
 p
la
nt
 a
nd
 “
C
” 
in
di
ca
te
s a
 c
ul
tiv
at
ed
 
pl
an
t. 
  
C
ul
tiv
. S
ta
tu
s 
C
ou
nt
ry
 
L
at
itu
de
 
L
on
gi
tu
de
 
C
ol
le
ct
io
n 
Y
ea
r 
C
ol
le
ct
or
 
C
ol
le
ct
io
n 
N
o.
 
H
er
ba
ri
um
 
So
ur
ce
 
C
 
B
el
iz
e 
17
.0
83
3 
-8
9.
06
66
 
19
90
 
B
al
ic
k 
24
02
 
M
O
 
H
er
ba
riu
m
 
C
 
B
ra
zi
l 
-1
.9
90
0 
-4
8.
80
40
 
20
11
 
C
ro
ft 
12
4 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
B
ra
zi
l 
-1
.1
22
7 
-4
7.
74
83
 
20
11
 
C
ro
ft 
12
5 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
B
ra
zi
l 
-1
.2
43
2 
-4
7.
60
27
 
20
11
 
C
ro
ft 
 - 
- 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
B
ra
zi
l 
-1
.1
14
6 
-4
8.
43
03
 
20
11
 
C
ro
ft 
12
7 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
C
os
ta
 R
ic
a 
10
.4
40
0 
-8
5.
31
00
 
19
93
 
C
ha
va
rr
ía
 
79
4 
M
O
 
H
er
ba
riu
m
 
C
 
El
 S
al
va
do
r 
13
.7
00
0 
-8
9.
13
33
 
19
98
 
R
en
de
ro
s 
53
8 
M
O
 
H
er
ba
riu
m
 
C
 
G
ua
te
m
al
a 
14
.8
23
0 
-8
9.
30
83
 
20
00
 
K
uf
er
 
42
 
M
O
 
H
er
ba
riu
m
 
C
 
H
on
du
ra
s 
14
.0
86
6 
-8
7.
19
97
 
19
75
 
Si
er
ra
 
73
 
M
O
 
H
er
ba
riu
m
 
C
 
M
ex
ic
o 
17
.2
83
3 
-9
8.
48
33
 
19
96
 
 - 
 
 - 
 
- 
C
as
as
 e
t a
l. 
19
96
 
C
 
M
ex
ic
o 
18
.3
25
0 
-9
8.
84
17
 
19
96
 
 - 
 
 - 
 
- 
C
as
as
 e
t a
l. 
19
96
 
C
 
M
ex
ic
o 
18
.1
56
8 
-9
6.
02
15
 
20
09
 
C
ro
ft 
 - 
- 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
17
.9
54
9 
-9
6.
18
11
 
20
09
 
C
ro
ft 
48
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
17
.9
09
7 
-9
4.
70
81
 
20
09
 
C
ro
ft 
53
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
18
.5
41
8 
-9
6.
38
23
 
20
09
 
C
ro
ft 
56
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
16
.9
09
1 
-9
3.
06
88
 
20
09
 
C
ro
ft 
61
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
16
.7
72
7 
-9
3.
76
89
 
20
09
 
C
ro
ft 
64
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
17
.0
00
9 
-9
3.
50
42
 
20
09
 
C
ro
ft 
66
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
20
.0
77
8 
-8
9.
14
77
 
20
09
 
C
ro
ft 
69
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
20
.6
81
6 
-8
8.
15
64
 
20
09
 
C
ro
ft 
 - 
- 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
21
.2
27
5 
-8
7.
08
84
 
20
09
 
C
ro
ft 
74
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
19
.6
80
4 
-1
04
.7
26
9 
20
10
 
C
ro
ft 
76
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
19
.7
70
9 
-1
04
.3
59
8 
20
10
 
C
ro
ft 
79
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
19
.9
02
2 
-1
05
.1
38
6 
20
10
 
C
ro
ft 
81
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
19
.3
85
5 
-1
04
.9
66
3 
20
10
 
C
ro
ft 
83
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
20
.0
54
3 
-1
05
.2
95
5 
20
10
 
C
ro
ft 
84
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
18
.9
51
3 
-1
01
.8
25
0 
20
10
 
C
ro
ft 
 - 
- 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
17
.6
36
3 
-1
01
.4
35
3 
20
10
 
C
ro
ft 
 - 
- 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
17
.2
04
7 
-1
00
.8
20
8 
20
10
 
C
ro
ft 
 - 
- 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
18
.6
29
6 
-9
9.
59
33
 
20
10
 
C
ro
ft 
94
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
21
.4
26
1 
-1
04
.8
91
5 
20
10
 
C
ro
ft 
95
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
21
.9
32
8 
-1
05
.0
36
8 
20
10
 
C
ro
ft 
97
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
17
.6
38
9 
-1
01
.5
58
5 
20
10
 
C
ro
ft 
 - 
- 
Fi
el
d 
C
ol
le
ct
io
n 
	  	  74	  
C
ul
tiv
. S
ta
tu
s 
C
ou
nt
ry
 
L
at
itu
de
 
L
on
gi
tu
de
 
C
ol
le
ct
io
n 
Y
ea
r 
C
ol
le
ct
or
 
C
ol
le
ct
io
n 
N
o.
 
H
er
ba
ri
um
 
So
ur
ce
 
C
 
M
ex
ic
o 
18
.9
60
8 
-1
01
.7
14
9 
20
10
 
C
ro
ft 
 - 
- 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
19
.4
61
9 
-1
04
.3
15
4 
20
10
 
C
ro
ft 
 - 
- 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
19
.6
36
9 
-1
04
.4
42
1 
20
10
 
C
ro
ft 
80
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
19
.8
29
2 
-1
05
.1
60
9 
20
10
 
C
ro
ft 
 - 
- 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
21
.9
26
0 
-1
05
.0
45
9 
20
10
 
C
ro
ft 
 - 
- 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
17
.4
27
0 
-9
3.
03
15
 
20
09
 
C
ro
ft 
 - 
- 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
17
.5
83
4 
-9
8.
99
13
 
20
10
 
C
ro
ft 
 - 
- 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
17
.6
28
4 
-9
2.
96
39
 
20
09
 
C
ro
ft 
58
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
19
.7
72
0 
-9
6.
43
20
 
20
09
 
C
ro
ft 
39
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
19
.8
96
4 
-9
6.
50
99
 
20
09
 
C
ro
ft 
38
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
20
.2
93
3 
-8
9.
36
84
 
20
09
 
C
ro
ft 
 - 
- 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
20
.3
46
8 
-9
6.
89
08
 
20
09
 
C
ro
ft 
37
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
M
ex
ic
o 
20
.3
06
1 
-8
9.
30
72
 
19
97
 
Ib
ar
ra
 M
an
ríq
ue
z 
41
15
 
M
O
 
H
er
ba
riu
m
 
C
 
M
ex
ic
o 
18
.5
80
0 
-9
5.
06
00
 
19
81
 
G
en
try
 
32
62
8 
M
O
 
H
er
ba
riu
m
 
C
 
M
ex
ic
o 
20
.5
47
2 
-8
8.
82
72
 
19
86
 
M
én
de
z 
20
 
M
O
 
H
er
ba
riu
m
 
C
 
M
ex
ic
o 
16
.9
08
3 
-9
4.
68
33
 
19
84
 
H
er
ná
nd
ez
 
5 
M
O
 
H
er
ba
riu
m
 
C
 
M
ex
ic
o 
20
.3
06
1 
-8
9.
30
72
 
19
96
 
Ib
ar
ra
 M
an
ríq
ue
z 
40
74
 
M
O
 
H
er
ba
riu
m
 
C
 
M
ex
ic
o 
19
.4
72
2 
-8
8.
13
33
 
19
85
 
B
al
am
 
40
1 
M
O
 
H
er
ba
riu
m
 
C
 
M
ex
ic
o 
21
.9
50
0 
-1
05
.2
83
3 
20
04
 
 - 
 
 - 
 
- 
M
ed
in
a-
To
rr
es
 2
00
4 
C
 
M
ex
ic
o 
21
.5
50
0 
-1
05
.3
00
0 
20
04
 
 - 
 
 - 
 
- 
M
ed
in
a-
To
rr
es
 2
00
4 
C
 
N
ic
ar
ag
ua
 
12
.1
16
6 
-8
6.
26
66
 
19
79
 
G
uz
m
án
 
45
 
M
O
 
H
er
ba
riu
m
 
C
 
N
ic
ar
ag
ua
 
11
.4
66
6 
-8
5.
51
66
 
19
84
 
R
ob
le
to
 
73
6 
M
O
 
H
er
ba
riu
m
 
C
 
N
ic
ar
ag
ua
 
12
.1
16
6 
-8
6.
26
66
 
19
79
 
G
uz
m
án
 
11
1 
M
O
 
H
er
ba
riu
m
 
C
 
N
ic
ar
ag
ua
 
11
.9
33
3 
-8
4.
28
33
 
19
78
 
St
ev
en
s 
89
95
 
M
O
 
H
er
ba
riu
m
 
C
 
N
ic
ar
ag
ua
 
11
.4
83
3 
-8
5.
51
66
 
19
84
 
G
rij
al
va
 
55
4 
M
O
 
H
er
ba
riu
m
 
C
 
Pa
na
m
a 
8.
80
85
 
-7
9.
91
23
 
20
10
 
C
ro
ft 
10
1 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
Pa
na
m
a 
8.
58
34
 
-8
0.
67
94
 
20
10
 
C
ro
ft 
10
7 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
Pa
na
m
a 
8.
34
12
 
-8
0.
52
54
 
20
10
 
C
ro
ft 
10
9 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
Pa
na
m
a 
7.
99
80
 
-8
0.
51
90
 
20
10
 
C
ro
ft 
11
0 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
Pa
na
m
a 
8.
51
47
 
-8
1.
07
95
 
20
10
 
C
ro
ft 
11
2 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
Pa
na
m
a 
9.
17
62
 
-7
9.
60
93
 
20
10
 
C
ro
ft 
11
8 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
Pa
na
m
a 
8.
41
29
 
-8
0.
05
60
 
20
10
 
C
ro
ft 
12
0 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
Pa
na
m
a 
9.
13
25
 
-7
9.
61
40
 
20
10
 
C
ro
ft 
 - 
- 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
Pa
na
m
a 
8.
95
00
 
-7
9.
55
03
 
20
10
 
C
ro
ft 
 - 
- 
Fi
el
d 
C
ol
le
ct
io
n 
C
 
Pa
na
m
a 
  
8.
58
33
 
-7
9.
88
33
 
19
70
 
O
ch
oa
 
17
 
PM
A
 
H
er
ba
riu
m
 
C
 
Pa
na
m
a 
  
8.
65
00
 
-8
0.
26
67
 
20
05
 
M
ül
le
r-
Sc
hw
ar
ze
 
75
 
PM
A
 
H
er
ba
riu
m
 
C
 
Pa
na
m
a 
  
8.
75
00
 
-7
9.
90
00
 
19
70
 
Ja
ra
m
ill
o 
19
 
PM
A
 
H
er
ba
riu
m
 
C
 
Pa
na
m
a 
  
8.
96
67
 
-7
9.
55
00
 
19
74
 
M
or
i 
27
75
 
PM
A
 
H
er
ba
riu
m
 
N
C
 
B
el
iz
e 
16
.5
15
2 
-8
9.
06
77
 
19
98
 
C
af
fe
rty
 
35
 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
el
iz
e 
16
.9
66
6 
-8
8.
98
33
 
19
88
 
M
ea
ve
 
11
56
 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
el
iz
e 
17
.2
16
6 
-8
8.
95
00
 
19
86
 
R
at
te
r 
51
85
 
M
O
 
H
er
ba
riu
m
 
	  	  75	  
C
ul
tiv
. S
ta
tu
s 
C
ou
nt
ry
 
L
at
itu
de
 
L
on
gi
tu
de
 
C
ol
le
ct
io
n 
Y
ea
r 
C
ol
le
ct
or
 
C
ol
le
ct
io
n 
N
o.
 
H
er
ba
ri
um
 
So
ur
ce
 
N
C
 
B
el
iz
e 
17
.2
50
0 
-8
8.
91
66
 
19
95
 
A
th
a 
96
2 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
el
iz
e 
16
.1
66
6 
-8
8.
90
00
 
19
93
 
B
al
ic
k 
36
03
 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
el
iz
e 
17
.1
00
0 
-8
9.
06
66
 
19
95
 
A
rv
ig
o 
93
9 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
el
iz
e 
17
.7
33
3 
-8
8.
76
66
 
19
89
 
A
lc
or
n 
57
0 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
el
iz
e 
17
.9
50
0 
-8
8.
73
33
 
19
87
 
D
av
id
se
 
32
74
3 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
el
iz
e 
17
.8
16
6 
-8
9.
03
33
 
19
92
 
B
ro
ka
w
 
33
5 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
el
iz
e 
16
.9
83
3 
-8
8.
96
66
 
19
96
 
N
ee
 
46
77
6 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
el
iz
e 
16
.9
10
8 
-8
8.
99
00
 
19
94
 
M
on
ro
 
50
8 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
el
iz
e 
17
.1
00
0 
-8
9.
06
66
 
19
92
 
B
ro
w
n 
48
 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
el
iz
e 
17
.0
66
6 
-8
8.
96
66
 
19
77
 
Ja
ns
en
 
12
12
 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
el
iz
e 
16
.4
41
6 
-8
8.
51
66
 
19
41
 
G
en
tle
 
37
52
 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
el
iz
e 
16
.2
16
6 
-8
8.
93
33
 
19
73
 
G
en
try
 
82
10
 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
el
iz
e 
17
.8
16
6 
-8
9.
03
33
 
19
92
 
B
ro
ka
w
 
33
5 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ol
iv
ia
 
-1
4.
60
79
 
-6
8.
68
63
 
20
09
 
C
ro
ft 
11
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
B
ol
iv
ia
 
-1
4.
59
65
 
-6
8.
69
97
 
20
09
 
C
ro
ft 
13
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
B
ol
iv
ia
 
-1
4.
58
88
 
-6
8.
68
75
 
20
09
 
C
ro
ft 
16
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
B
ol
iv
ia
 
-1
4.
58
06
 
-6
8.
68
24
 
20
09
 
C
ro
ft 
 - 
- 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
B
ol
iv
ia
 
-1
4.
58
49
 
-6
8.
67
72
 
20
09
 
C
ro
ft 
21
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
B
ol
iv
ia
 
-1
4.
58
19
 
-6
8.
76
34
 
20
09
 
C
ro
ft 
24
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
B
ol
iv
ia
 
-1
4.
56
92
 
-6
8.
70
07
 
20
09
 
C
ro
ft 
25
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
B
ol
iv
ia
 
-1
4.
61
82
 
-6
8.
67
84
 
20
09
 
C
ro
ft 
29
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
B
ol
iv
ia
 
-1
4.
73
76
 
-6
8.
42
24
 
20
09
 
C
ro
ft 
32
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
B
ol
iv
ia
 
-1
4.
72
81
 
-6
8.
42
06
 
20
09
 
C
ro
ft 
33
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
B
ol
iv
ia
 
-1
4.
93
45
 
-6
8.
41
62
 
20
09
 
C
ro
ft 
 - 
- 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
B
ol
iv
ia
 
-1
4.
68
59
 
-6
8.
43
33
 
20
09
 
C
ro
ft 
8 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
B
ol
iv
ia
 
-1
4.
65
90
 
-6
8.
46
52
 
20
09
 
C
ro
ft 
9 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
B
ol
iv
ia
 
-1
4.
61
37
 
-6
8.
68
27
 
20
09
 
C
ro
ft 
28
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
B
ol
iv
ia
 
-1
4.
59
80
 
-6
8.
69
85
 
20
09
 
C
ro
ft 
14
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
B
ol
iv
ia
 
-1
4.
59
72
 
-6
8.
69
14
 
20
09
 
C
ro
ft 
15
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
B
ol
iv
ia
 
-1
4.
58
93
 
-6
8.
68
54
 
20
09
 
C
ro
ft 
18
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
B
ol
iv
ia
 
-1
4.
57
98
 
-6
8.
68
24
 
20
09
 
C
ro
ft 
17
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
B
ol
iv
ia
 
-1
4.
56
66
 
-6
8.
33
75
 
20
03
 
C
an
qu
i 
32
6 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ol
iv
ia
 
-1
6.
08
33
 
-6
7.
75
00
 
19
91
 
K
ill
ee
n 
30
28
 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ol
iv
ia
 
-1
5.
50
00
 
-6
7.
08
33
 
19
92
 
K
ill
ee
n 
37
08
 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ol
iv
ia
 
-1
4.
56
66
 
-6
8.
46
66
 
19
90
 
G
en
try
 
71
18
4 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ol
iv
ia
 
-1
7.
81
66
 
-6
3.
25
00
 
19
90
 
Q
ue
ve
do
 
20
2 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ol
iv
ia
 
-1
4.
60
11
 
-6
8.
00
00
 
20
02
 
M
al
do
na
do
 
29
34
 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ol
iv
ia
 
-1
4.
59
08
 
-6
8.
37
55
 
20
02
 
M
ira
nd
a 
22
2 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ol
iv
ia
 
-1
4.
60
97
 
-6
8.
36
22
 
20
02
 
M
al
do
na
do
 
32
06
 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ol
iv
ia
 
-1
5.
50
00
 
-6
7.
16
66
 
19
90
 
Le
w
is
 
37
96
4 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ol
iv
ia
 
-1
4.
56
08
 
-6
8.
36
22
 
20
02
 
M
ira
nd
a 
13
6A
 
M
O
 
H
er
ba
riu
m
 
	  	  76	  
C
ul
tiv
. S
ta
tu
s 
C
ou
nt
ry
 
L
at
itu
de
 
L
on
gi
tu
de
 
C
ol
le
ct
io
n 
Y
ea
r 
C
ol
le
ct
or
 
C
ol
le
ct
io
n 
N
o.
 
H
er
ba
ri
um
 
So
ur
ce
 
N
C
 
B
ol
iv
ia
 
-1
6.
21
66
 
-6
7.
78
33
 
19
84
 
So
lo
m
on
 
12
55
9 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ol
iv
ia
 
-1
6.
21
66
 
-6
7.
73
33
 
19
82
 
So
lo
m
on
 
85
95
 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ol
iv
ia
 
-1
4.
71
66
 
-6
8.
41
66
 
19
93
 
K
es
sl
er
 M
. 
36
73
 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ol
iv
ia
 
-1
4.
41
66
 
-6
2.
05
00
 
19
93
 
Q
ue
ve
do
 
89
1 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ol
iv
ia
 
-1
4.
61
52
 
-6
0.
86
80
 
19
93
 
K
ill
ee
n 
59
96
 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ol
iv
ia
 
-1
6.
21
66
 
-6
7.
78
33
 
19
84
 
So
lo
m
on
 
`1
25
59
 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-2
.2
01
1 
-4
8.
79
98
 
20
11
 
C
ro
ft 
 - 
- 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
B
ra
zi
l 
-1
.1
22
7 
-4
8.
38
51
 
20
11
 
C
ro
ft 
12
8 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
B
ra
zi
l 
-1
2.
42
70
 
-4
9.
27
39
 
20
11
 
C
ro
ft 
13
4 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
B
ra
zi
l 
-1
1.
18
80
 
-4
9.
52
18
 
20
11
 
C
ro
ft 
13
5 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
B
ra
zi
l 
-8
.3
89
5 
-4
8.
19
51
 
20
11
 
C
ro
ft 
13
9 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
B
ra
zi
l 
-1
2.
20
68
 
-4
9.
20
26
 
20
11
 
C
ro
ft 
13
2 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
B
ra
zi
l 
-0
.6
16
6 
-4
7.
68
33
 
19
80
 
D
av
id
se
 
17
78
7A
 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
3.
83
33
 
-6
1.
66
66
 
19
87
 
H
op
ki
ns
 
97
5 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
1.
53
33
 
-6
2.
80
00
 
19
84
 
Pr
an
ce
 
28
79
6 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-7
.5
83
3 
-5
7.
51
66
 
19
74
 
A
nd
er
so
n 
10
68
1 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
3.
40
00
 
-6
1.
43
33
 
19
86
 
H
op
ki
ns
 
60
9 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
3.
36
66
 
-6
1.
33
33
 
19
86
 
H
op
ki
ns
 
56
6 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-1
.9
16
6 
-5
4.
25
00
 
19
87
 
Fe
rr
ei
ra
 
94
70
 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-1
4.
63
33
 
-5
2.
23
33
 
19
67
 
A
rg
en
t 
67
06
 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
2.
46
66
 
-5
1.
00
00
 
19
84
 
M
or
i 
17
26
7 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
3.
75
00
 
-6
1.
75
00
 
19
86
 
Si
lv
a 
39
8 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
3.
30
00
 
-6
1.
33
33
 
19
86
 
H
op
ki
ns
 
81
2 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-2
1.
91
66
 
-4
8.
16
66
 
19
61
 
Ei
te
n 
31
29
 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-1
.0
50
0 
-4
8.
11
66
 
19
80
 
D
av
id
se
 
17
55
2 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-8
.1
18
0 
-6
1.
81
66
 
19
79
 
V
ie
ira
 
16
1 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-1
0.
16
66
 
-5
1.
23
33
 
19
85
 
Th
oa
s 
44
29
 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-6
.0
00
0 
-5
0.
00
00
 
19
77
 
V
er
 
B
G
 4
53
 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-1
2.
81
66
 
-5
1.
76
66
 
19
68
 
H
ar
le
y 
10
51
4 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
3.
55
00
 
-5
1.
61
66
 
19
60
 
Pi
re
s 
48
81
7 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-1
2.
81
66
 
-5
1.
76
66
 
19
68
 
H
ar
le
y 
10
10
1 
M
O
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-1
4.
73
33
 
-5
2.
33
33
 
19
67
 
R
at
te
r 
n.
d.
 
C
EN
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-1
4.
73
33
 
-5
2.
33
33
 
19
67
 
R
at
te
r 
37
1 
R
B
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-6
.0
83
3 
-3
5.
23
33
 
19
75
 
B
am
ps
 
n.
d.
 
R
B
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-2
0.
11
67
 
-5
5.
70
00
 
19
81
 
C
ui
m
or
oe
s 
1.
29
6 
R
B
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-1
9.
23
33
 
-5
7.
01
67
 
19
85
 
R
at
te
r 
50
69
 
U
B
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-1
8.
65
17
 
-4
3.
67
64
 
20
04
 
C
on
ce
ic
ao
 
41
81
 
R
B
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-1
8.
36
67
 
-5
5.
85
00
 
19
85
 
D
am
br
os
 
32
3 
R
B
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-1
8.
18
33
 
-5
7.
21
67
 
19
78
 
Lo
pe
s L
or
ne
iro
 
7 
R
B
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-1
7.
41
95
 
-4
6.
63
58
 
20
08
 
So
lo
rz
an
o 
20
1 
U
B
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-1
7.
25
00
 
-5
3.
35
00
 
19
96
 
R
at
te
r 
R
74
77
 
U
B
 
H
er
ba
riu
m
 
	  	  77	  
C
ul
tiv
. S
ta
tu
s 
C
ou
nt
ry
 
L
at
itu
de
 
L
on
gi
tu
de
 
C
ol
le
ct
io
n 
Y
ea
r 
C
ol
le
ct
or
 
C
ol
le
ct
io
n 
N
o.
 
H
er
ba
ri
um
 
So
ur
ce
 
N
C
 
B
ra
zi
l 
-1
6.
66
67
 
-4
7.
00
00
 
19
82
 
R
at
te
r 
47
30
 
C
EN
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-1
4.
63
33
 
-5
2.
23
33
 
19
67
 
A
rg
en
t 
64
39
 
R
B
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-1
4.
33
33
 
-5
8.
10
00
 
19
94
 
Sa
na
io
tti
 
42
5 
U
B
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-1
4.
33
33
 
-5
8.
10
00
 
19
94
 
Sa
na
io
tti
 
42
8 
U
B
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-1
4.
29
74
 
-4
6.
95
31
 
20
04
 
M
en
do
nc
a 
58
34
 
R
B
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-1
4.
00
00
 
-4
7.
00
00
 
19
61
 
Ir
w
in
 
12
62
1 
U
B
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-1
3.
83
33
 
-6
0.
13
33
 
19
77
 
Si
lv
a 
C
os
ta
 
13
35
 
R
B
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-1
2.
85
00
 
-4
9.
10
00
 
19
97
 
R
at
te
r 
R
79
85
 
U
B
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-1
2.
78
33
 
-4
7.
05
00
 
19
98
 
R
at
te
r 
81
43
 
C
EN
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-1
1.
56
71
 
-4
8.
81
58
 
20
08
 
O
liv
ei
ra
 
13
06
 
IB
G
E 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-1
0.
50
00
 
-5
0.
50
00
 
19
80
 
R
at
te
r 
43
77
 
U
B
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-9
.8
50
0 
-5
3.
25
00
 
19
78
 
do
s P
as
so
s 
11
26
 
R
B
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-9
.8
00
0 
-4
9.
60
00
 
19
97
 
R
at
te
r 
R
79
07
 
U
B
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-8
.6
00
0 
-4
9.
46
67
 
19
78
 
M
ile
sk
i 
12
5 
R
B
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-7
.4
00
0 
-4
5.
06
67
 
19
70
 
Ei
te
n 
10
46
9 
U
B
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-7
.3
83
3 
-4
5.
06
67
 
19
70
 
Ei
te
n 
10
61
5 
C
EN
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-7
.1
83
3 
-4
7.
43
33
 
19
93
 
R
at
te
r 
n.
d.
 
U
B
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-6
.2
07
8 
-4
8.
56
92
 
20
00
 
C
or
de
iro
 
10
0.
56
 
H
F 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-5
.8
83
3 
-5
3.
18
33
 
19
78
 
do
s P
as
so
s 
11
11
 
R
B
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-3
.5
50
0 
-5
1.
61
67
 
19
60
 
Pi
re
s 
48
81
7 
IA
N
 
H
er
ba
riu
m
 
N
C
 
B
ra
zi
l 
-3
.3
40
5 
-4
3.
18
49
 
n.
d.
 
Fe
rr
ei
ra
 
6 
C
EN
 
H
er
ba
riu
m
 
N
C
 
C
ar
ib
be
an
 
18
.0
00
0 
-7
1.
16
66
 
19
81
 
M
ej
ía
 
18
40
2 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
ar
ib
be
an
 
18
.9
83
3 
-6
9.
96
66
 
19
88
 
Za
no
ni
 
41
25
6 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
ar
ib
be
an
 
18
.4
00
0 
-7
0.
46
66
 
19
84
 
Pi
m
en
te
l 
13
1 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
ar
ib
be
an
 
19
.4
00
0 
-7
1.
16
66
 
19
83
 
la
nd
ru
m
 
47
33
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
ar
ib
be
an
 
18
.3
00
0 
-6
7.
08
33
 
19
93
 
N
ee
 
44
12
0 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
ar
ib
be
an
 
18
.6
16
6 
-6
9.
95
00
 
19
95
 
Ji
m
én
ez
 
19
58
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
ar
ib
be
an
 
17
.9
95
8 
-6
7.
10
88
 
19
93
 
B
re
ck
on
 
43
07
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
ar
ib
be
an
 
18
.5
83
3 
-7
0.
08
33
 
19
82
 
M
ej
ía
 
23
71
6 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
ol
om
bi
a 
2.
55
00
 
-7
2.
80
00
 
19
95
 
C
ar
de
na
s 
65
46
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
ol
om
bi
a 
2.
16
66
 
-7
3.
80
00
 
19
88
 
C
al
le
ja
s 
69
38
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
ol
om
bi
a 
6.
48
28
 
-7
4.
33
78
 
20
04
 
Fo
nn
eg
ra
 
81
59
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
ol
om
bi
a 
11
.3
16
6 
-7
3.
50
00
 
19
84
 
G
en
try
 
47
52
4 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
ol
om
bi
a 
5.
66
66
 
-6
7.
61
66
 
19
84
 
D
av
id
se
 
26
40
2 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
ol
om
bi
a 
6.
45
00
 
-7
5.
71
66
 
19
90
 
B
et
an
cu
r 
18
03
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
ol
om
bi
a 
5.
33
33
 
-6
7.
85
00
 
19
85
 
Za
ru
cc
hi
 
36
39
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
ol
om
bi
a 
5.
20
00
 
-6
7.
83
33
 
19
85
 
Za
ru
cc
hi
 
35
12
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
ol
om
bi
a 
3.
56
66
 
-7
3.
71
66
 
19
83
 
C
ro
at
 
55
49
4 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
ol
om
bi
a 
7.
03
33
 
-7
5.
70
00
 
19
88
 
Za
ru
cc
hi
 
65
08
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
ol
om
bi
a 
6.
35
00
 
-7
6.
43
33
 
19
89
 
Es
pi
na
 
28
53
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
ol
om
bi
a 
2.
26
66
 
-7
6.
16
66
 
19
88
 
C
al
le
ja
s 
70
08
 
M
O
 
H
er
ba
riu
m
 
	  	  78	  
C
ul
tiv
. S
ta
tu
s 
C
ou
nt
ry
 
L
at
itu
de
 
L
on
gi
tu
de
 
C
ol
le
ct
io
n 
Y
ea
r 
C
ol
le
ct
or
 
C
ol
le
ct
io
n 
N
o.
 
H
er
ba
ri
um
 
So
ur
ce
 
N
C
 
C
ol
om
bi
a 
5.
05
00
 
-7
7.
35
00
 
19
91
 
G
om
ez
 
32
9 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
ol
om
bi
a 
6.
25
00
 
-7
7.
41
66
 
19
83
 
G
en
try
 
41
10
9 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
ol
om
bi
a 
7.
11
66
 
-7
5.
71
66
 
19
88
 
Za
ru
cc
hi
 
64
25
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
10
.9
07
2 
-8
5.
78
58
 
20
00
 
A
co
st
a 
95
4 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
9.
78
33
 
-8
4.
93
33
 
19
95
 
Sa
nd
er
s 
17
46
8 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
10
.2
50
0 
-8
4.
83
33
 
19
95
 
Pe
nn
ey
s 
65
2 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
10
.8
33
3 
-8
5.
61
66
 
19
94
 
Es
pi
no
za
 
10
22
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
8.
40
00
 
-8
3.
34
00
 
19
91
 
R
am
íre
z 
13
7 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
8.
90
00
 
-8
2.
78
00
 
19
90
 
D
el
ga
do
 
62
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
10
.9
60
0 
-8
5.
49
00
 
19
89
 
IN
B
io
 
78
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
9.
91
66
 
-8
4.
26
66
 
19
84
 
B
ar
rin
ge
r 
36
44
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
10
.7
77
7 
-8
5.
35
13
 
19
95
 
Fe
rn
an
de
z 
16
10
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
10
.5
30
0 
-8
3.
50
00
 
19
88
 
R
ob
le
s 
19
68
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
10
.8
30
0 
-8
5.
61
00
 
19
77
 
Li
es
ne
r 
23
06
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
10
.2
60
0 
-8
4.
83
00
 
19
90
 
H
ab
er
 
99
42
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
9.
79
72
 
-8
4.
18
88
 
19
98
 
So
lo
m
on
 
65
68
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
8.
90
00
 
-8
2.
76
00
 
19
83
 
D
av
id
se
 
24
64
2 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
9.
71
00
 
-8
4.
39
00
 
19
92
 
M
or
al
es
 
95
1 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
10
.8
94
4 
-8
4.
78
88
 
19
95
 
V
ill
al
ob
os
 
17
3 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
10
.6
40
0 
-8
3.
73
00
 
19
94
 
A
ra
ya
 
49
5 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
9.
75
00
 
-8
4.
53
00
 
19
93
 
G
en
try
 
79
34
6 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
10
.8
50
0 
-8
5.
61
66
 
19
78
 
Li
es
ne
r 
48
05
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
10
.4
50
0 
-8
5.
13
00
 
19
69
 
D
av
id
se
 
14
70
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
10
.8
58
3 
-8
5.
69
17
 
20
03
 
G
on
za
le
z 
26
00
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
8.
91
00
 
-8
2.
78
00
 
19
90
 
Sa
bo
río
 
28
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
10
.7
90
0 
-8
5.
35
00
 
19
93
 
G
ar
ci
a 
82
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
9.
06
00
 
-8
3.
08
00
 
19
84
 
D
av
id
se
 
26
30
9 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
10
.7
06
3 
-8
5.
34
72
 
20
02
 
A
lfo
rd
 
29
94
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
8.
61
66
 
-8
3.
70
83
 
19
88
 
K
er
na
n 
29
2 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
10
.8
70
0 
-8
5.
74
00
 
19
76
 
So
lo
m
on
 
26
34
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
9.
88
11
 
-8
4.
56
47
 
19
96
 
Sa
la
s 
15
8 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
8.
70
00
 
-8
3.
86
66
 
19
78
 
Ja
nz
en
 
11
53
7 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
8.
68
33
 
-8
3.
54
16
 
19
99
 
H
ur
ta
do
 
16
8 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
10
.8
80
0 
-8
5.
58
00
 
19
96
 
D
ie
tri
ch
 
39
1 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
10
.8
80
0 
-8
5.
58
00
 
19
96
 
D
ie
tri
ch
 
45
0 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
8.
98
00
 
-8
3.
26
00
 
19
92
 
Sa
ry
 R
oj
as
 
17
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
10
.9
00
0 
-8
5.
78
00
 
20
03
 
G
ra
yu
m
 
11
46
1 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
9.
38
00
 
-8
4.
15
00
 
19
90
 
H
ar
m
on
 
47
 
M
O
 
H
er
ba
riu
m
 
N
C
 
C
os
ta
 R
ic
a 
9.
67
00
 
-8
3.
02
00
 
19
91
 
M
or
en
o 
52
 
M
O
 
H
er
ba
riu
m
 
N
C
 
El
 S
al
va
do
r 
13
.8
83
3 
-8
8.
95
00
 
20
02
 
C
ar
ba
llo
 
20
8 
M
O
 
H
er
ba
riu
m
 
N
C
 
El
 S
al
va
do
r 
13
.9
16
6 
-8
8.
08
33
 
20
00
 
M
on
te
rr
os
a 
39
 
M
O
 
H
er
ba
riu
m
 
	  	  79	  
C
ul
tiv
. S
ta
tu
s 
C
ou
nt
ry
 
L
at
itu
de
 
L
on
gi
tu
de
 
C
ol
le
ct
io
n 
Y
ea
r 
C
ol
le
ct
or
 
C
ol
le
ct
io
n 
N
o.
 
H
er
ba
ri
um
 
So
ur
ce
 
N
C
 
El
 S
al
va
do
r 
13
.5
66
6 
-8
9.
20
00
 
19
95
 
G
on
za
le
z 
23
0 
M
O
 
H
er
ba
riu
m
 
N
C
 
El
 S
al
va
do
r 
13
.8
16
6 
-8
9.
93
33
 
19
93
 
Sa
nd
ov
al
 
11
14
 
M
O
 
H
er
ba
riu
m
 
N
C
 
El
 S
al
va
do
r 
14
.4
16
6 
-8
9.
35
00
 
20
02
 
M
ar
tín
ez
 
72
1 
M
O
 
H
er
ba
riu
m
 
N
C
 
El
 S
al
va
do
r 
13
.8
16
6 
-8
9.
93
33
 
19
90
 
Se
rm
eñ
o 
JB
L0
10
17
 
M
O
 
H
er
ba
riu
m
 
N
C
 
El
 S
al
va
do
r 
14
.0
50
0 
-8
9.
51
66
 
19
95
 
Li
na
re
s 
24
16
 
M
O
 
H
er
ba
riu
m
 
N
C
 
El
 S
al
va
do
r 
13
.8
16
6 
-8
9.
93
33
 
19
93
 
Sa
nd
ov
al
 
11
18
 
M
O
 
H
er
ba
riu
m
 
N
C
 
El
 S
al
va
do
r 
14
.4
16
6 
-8
9.
35
00
 
20
02
 
M
ar
tín
ez
 
82
2 
M
O
 
H
er
ba
riu
m
 
N
C
 
El
 S
al
va
do
r 
14
.4
16
6 
-8
9.
35
00
 
20
01
 
M
ar
tín
ez
 
C
M
C
00
00
4 
M
O
 
H
er
ba
riu
m
 
N
C
 
El
 S
al
va
do
r 
13
.2
66
6 
-8
7.
83
33
 
19
98
 
M
on
ro
 
20
83
 
M
O
 
H
er
ba
riu
m
 
N
C
 
Fr
en
ch
 G
ui
an
a 
4.
75
00
 
-5
2.
31
66
 
19
94
 
B
ill
ie
t 
63
61
 
M
O
 
H
er
ba
riu
m
 
N
C
 
G
ua
te
m
al
a 
14
.5
40
2 
-8
9.
28
38
 
19
70
 
H
ar
m
on
 
37
34
 
M
O
 
H
er
ba
riu
m
 
N
C
 
G
ua
te
m
al
a 
15
.8
00
0 
-9
1.
75
00
 
19
92
 
C
as
til
lo
 
15
55
 
M
O
 
H
er
ba
riu
m
 
N
C
 
G
ua
te
m
al
a 
15
.2
06
9 
-9
0.
29
80
 
19
70
 
H
ar
m
on
 
21
44
 
M
O
 
H
er
ba
riu
m
 
N
C
 
G
ua
te
m
al
a 
15
.6
00
0 
-8
8.
91
66
 
19
99
 
R
ot
en
be
rg
 
66
 
M
O
 
H
er
ba
riu
m
 
N
C
 
G
ua
te
m
al
a 
17
.2
49
5 
-8
9.
88
33
 
19
93
 
W
al
ln
öf
er
 
58
54
 
M
O
 
H
er
ba
riu
m
 
N
C
 
G
ua
te
m
al
a 
14
.5
40
2 
-8
9.
28
38
 
19
70
 
H
ar
m
on
 
37
34
 
M
O
 
H
er
ba
riu
m
 
N
C
 
G
uy
an
a 
7.
25
00
 
-5
8.
53
33
 
19
89
 
G
ill
es
pi
e 
10
65
 
M
O
 
H
er
ba
riu
m
 
N
C
 
G
uy
an
a 
5.
60
00
 
-5
7.
58
33
 
19
86
 
Pi
po
ly
 
94
56
 
M
O
 
H
er
ba
riu
m
 
N
C
 
G
uy
an
a 
5.
71
66
 
-5
7.
53
33
 
19
86
 
Pi
po
ly
 
94
02
 
M
O
 
H
er
ba
riu
m
 
N
C
 
G
uy
an
a 
5.
36
67
 
-5
8.
11
67
 
19
90
 
G
ill
es
pi
e 
30
31
 
M
O
 
H
er
ba
riu
m
 
N
C
 
G
uy
an
a 
5.
96
66
 
-5
8.
50
00
 
19
87
 
Pi
po
ly
 
95
72
 
M
O
 
H
er
ba
riu
m
 
N
C
 
G
uy
an
a 
5.
16
66
 
-5
9.
48
33
 
19
87
 
Pi
po
ly
 
98
21
 
M
O
 
H
er
ba
riu
m
 
N
C
 
G
uy
an
a 
4.
83
33
 
-6
0.
03
33
 
19
94
 
T.
W
. H
en
ke
l 
54
30
 
M
O
 
H
er
ba
riu
m
 
N
C
 
G
uy
an
a 
6.
50
00
 
-5
8.
16
66
 
19
86
 
Pi
po
ly
 
73
65
 
M
O
 
H
er
ba
riu
m
 
N
C
 
G
uy
an
a 
3.
75
00
 
-5
9.
33
33
 
19
88
 
M
aa
s 
71
82
 
M
O
 
H
er
ba
riu
m
 
N
C
 
G
uy
an
a 
6.
33
33
 
-5
8.
25
00
 
19
86
 
Pi
po
ly
 
91
47
 
M
O
 
H
er
ba
riu
m
 
N
C
 
G
uy
an
a 
3.
75
00
 
-5
9.
31
67
 
19
92
 
H
of
fm
an
 
96
2 
M
O
 
H
er
ba
riu
m
 
N
C
 
G
uy
an
a 
4.
00
00
 
-5
9.
35
00
 
19
82
 
K
na
pp
 
27
66
 
M
O
 
H
er
ba
riu
m
 
N
C
 
G
uy
an
a 
2.
50
00
 
-5
9.
25
00
 
19
82
 
G
or
ts
-v
an
 R
ijn
 
40
5 
M
O
 
H
er
ba
riu
m
 
N
C
 
G
uy
an
a 
3.
46
66
 
-5
9.
68
33
 
19
79
 
M
aa
s 
36
47
 
M
O
 
H
er
ba
riu
m
 
N
C
 
G
uy
an
a 
1.
65
00
 
-5
8.
63
33
 
19
89
 
Ja
ns
en
-J
ac
ob
s 
13
94
 
M
O
 
H
er
ba
riu
m
 
N
C
 
H
on
du
ra
s 
15
.1
16
6 
-8
8.
78
33
 
19
77
 
C
ro
at
 
42
54
5 
M
O
 
H
er
ba
riu
m
 
N
C
 
H
on
du
ra
s 
14
.0
27
2 
-8
6.
95
38
 
19
62
 
W
eb
st
er
 
11
95
1 
M
O
 
H
er
ba
riu
m
 
N
C
 
H
on
du
ra
s 
14
.1
15
5 
-8
7.
19
47
 
19
87
 
B
la
ck
m
or
e 
36
12
 
M
O
 
H
er
ba
riu
m
 
N
C
 
H
on
du
ra
s 
15
.8
83
3 
-8
4.
68
33
 
19
73
 
G
en
try
 
74
94
 
M
O
 
H
er
ba
riu
m
 
N
C
 
H
on
du
ra
s 
14
.1
29
7 
-8
7.
16
44
 
19
82
 
G
óm
ez
 P
or
til
lo
 
78
 
M
O
 
H
er
ba
riu
m
 
N
C
 
H
on
du
ra
s 
14
.8
18
3 
-8
5.
84
80
 
19
87
 
O
rte
ga
 
26
3 
M
O
 
H
er
ba
riu
m
 
N
C
 
H
on
du
ra
s 
15
.7
35
8 
-8
7.
45
38
 
19
82
 
C
am
ba
r 
11
0 
M
O
 
H
er
ba
riu
m
 
N
C
 
H
on
du
ra
s 
15
.2
00
0 
-8
3.
83
33
 
19
84
 
C
as
co
 V
ar
el
a 
53
 
M
O
 
H
er
ba
riu
m
 
N
C
 
H
on
du
ra
s 
15
.0
50
0 
-8
4.
83
33
 
19
94
 
H
ou
se
 
28
06
 
M
O
 
H
er
ba
riu
m
 
N
C
 
H
on
du
ra
s 
15
.5
50
0 
-8
7.
43
33
 
19
91
 
D
av
id
se
 
34
46
0 
M
O
 
H
er
ba
riu
m
 
	  	  80	  
C
ul
tiv
. S
ta
tu
s 
C
ou
nt
ry
 
L
at
itu
de
 
L
on
gi
tu
de
 
C
ol
le
ct
io
n 
Y
ea
r 
C
ol
le
ct
or
 
C
ol
le
ct
io
n 
N
o.
 
H
er
ba
ri
um
 
So
ur
ce
 
N
C
 
H
on
du
ra
s 
15
.8
83
3 
-8
4.
40
00
 
19
76
 
Fr
yx
el
l 
28
24
 
M
O
 
H
er
ba
riu
m
 
N
C
 
H
on
du
ra
s 
15
.7
00
0 
-8
6.
85
00
 
19
93
 
Li
es
ne
r 
26
39
5 
M
O
 
H
er
ba
riu
m
 
N
C
 
H
on
du
ra
s 
15
.8
83
3 
-8
4.
68
33
 
19
73
 
G
en
try
 
74
94
 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.9
52
5 
-9
6.
18
36
 
20
09
 
C
ro
ft 
 - 
- 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
M
ex
ic
o 
17
.9
42
8 
-9
4.
71
44
 
20
09
 
C
ro
ft 
 - 
- 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
M
ex
ic
o 
16
.9
07
4 
-9
3.
06
47
 
20
09
 
C
ro
ft 
59
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
M
ex
ic
o 
16
.2
63
5 
-9
3.
86
16
 
20
09
 
C
ro
ft 
63
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
M
ex
ic
o 
16
.7
18
8 
-9
3.
81
50
 
20
09
 
C
ro
ft 
65
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
M
ex
ic
o 
20
.8
16
4 
-8
9.
23
02
 
20
09
 
C
ro
ft 
67
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
M
ex
ic
o 
19
.8
08
4 
-8
9.
36
52
 
20
09
 
C
ro
ft 
68
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
M
ex
ic
o 
19
.5
95
2 
-1
04
.9
24
6 
20
10
 
C
ro
ft 
75
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
M
ex
ic
o 
19
.5
10
6 
-1
04
.2
95
6 
20
10
 
C
ro
ft 
77
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
M
ex
ic
o 
19
.8
61
0 
-1
05
.0
50
0 
20
10
 
C
ro
ft 
82
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
M
ex
ic
o 
20
.2
96
3 
-1
05
.2
94
3 
20
10
 
C
ro
ft 
85
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
M
ex
ic
o 
18
.9
77
3 
-1
01
.7
24
5 
20
10
 
C
ro
ft 
 - 
- 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
M
ex
ic
o 
19
.2
30
7 
-1
02
.1
64
6 
20
10
 
C
ro
ft 
89
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
M
ex
ic
o 
17
.7
93
7 
-9
8.
73
98
 
20
10
 
C
ro
ft 
91
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
M
ex
ic
o 
17
.5
87
8 
-9
8.
75
23
 
20
10
 
C
ro
ft 
93
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
M
ex
ic
o 
21
.7
74
5 
-1
05
.0
75
1 
20
10
 
C
ro
ft 
96
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
M
ex
ic
o 
21
.2
05
1 
-8
7.
16
90
 
20
09
 
C
ro
ft 
73
 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
M
ex
ic
o 
17
.5
50
0 
-9
1.
99
00
 
19
82
 
C
ab
re
ra
 
27
36
 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
19
.1
00
0 
-8
8.
52
00
 
19
83
 
C
ab
re
ra
 
49
24
 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
16
.2
28
0 
-9
3.
55
77
 
20
02
 
A
lv
ar
ad
o 
40
5 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
16
.3
16
6 
-9
1.
18
33
 
19
93
 
R
ey
es
-G
ar
cí
a 
21
48
 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.6
83
3 
-9
6.
28
33
 
19
89
 
Ló
pe
z 
51
2 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
16
.4
13
3 
-9
3.
71
67
 
20
04
 
M
ar
tin
ez
 
36
96
4 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
16
.1
66
6 
-9
7.
33
33
 
19
92
 
C
am
po
s 
46
80
 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
21
.3
33
3 
-1
04
.8
50
0 
19
90
 
Te
lle
z 
12
73
5 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
16
.7
90
0 
-9
3.
37
00
 
19
77
 
C
ro
at
 
40
51
0 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
16
.2
78
3 
-9
3.
84
61
 
20
02
 
R
ey
es
-G
ar
cí
a 
50
81
 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
16
.7
16
6 
-9
4.
13
33
 
19
85
 
M
ay
a 
17
38
 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
18
.0
50
0 
-9
4.
10
00
 
19
73
 
O
ro
zc
o 
47
66
0 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.2
16
6 
-9
8.
13
33
 
19
96
 
C
al
za
da
 
20
83
5 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
15
.8
86
1 
-9
2.
73
83
 
19
88
 
M
ar
tín
ez
 
22
62
6 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
16
.3
32
7 
-9
3.
87
61
 
20
02
 
M
el
én
de
z 
21
1 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
16
.9
86
3 
-9
1.
28
72
 
20
02
 
C
al
ón
ic
o-
So
to
 
23
38
6 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
16
.6
00
0 
-9
0.
72
16
 
20
02
 
A
gu
ila
r 
11
91
 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
16
.1
45
5 
-9
2.
67
02
 
20
02
 
R
ey
es
-G
ar
cí
a 
56
11
 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
21
.3
33
3 
-1
04
.9
16
6 
19
70
 
W
eb
st
er
 
15
68
0 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
21
.5
79
1 
-1
04
.9
20
8 
19
94
 
Fl
or
es
-F
ra
nc
o 
33
55
 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
21
.6
10
0 
-1
04
.9
56
3 
19
94
 
Fl
or
es
-F
ra
nc
o 
33
64
 
M
O
 
H
er
ba
riu
m
 
	  	  81	  
C
ul
tiv
. S
ta
tu
s 
C
ou
nt
ry
 
L
at
itu
de
 
L
on
gi
tu
de
 
C
ol
le
ct
io
n 
Y
ea
r 
C
ol
le
ct
or
 
C
ol
le
ct
io
n 
N
o.
 
H
er
ba
ri
um
 
So
ur
ce
 
N
C
 
M
ex
ic
o 
16
.7
60
0 
-9
2.
96
00
 
19
86
 
G
er
ea
u 
19
19
 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
22
.2
00
0 
-1
04
.6
33
3 
19
90
 
Fl
or
es
-F
ra
nc
o 
21
85
 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
20
.0
72
2 
-8
7.
56
66
 
19
94
 
M
ed
in
a 
69
 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
16
.7
00
0 
-9
4.
16
66
 
19
85
 
M
ay
a 
12
70
 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
16
.1
83
3 
-9
7.
00
00
 
19
88
 
C
am
po
s 
13
45
 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
22
.2
83
3 
-1
04
.4
00
0 
19
90
 
R
am
íre
z 
50
5 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
16
.1
33
3 
-9
2.
03
33
 
19
90
 
H
am
ps
hi
re
 
11
66
 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.2
33
3 
-9
8.
66
66
 
19
89
 
W
ag
en
br
et
h 
62
 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
21
.1
50
0 
-1
05
.2
33
3 
19
87
 
Té
lle
z 
10
34
6 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.7
40
0 
-9
3.
66
00
 
19
79
 
C
ow
an
 
22
34
 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
16
.3
75
0 
-9
3.
96
08
 
20
02
 
M
el
én
de
z 
11
7 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
21
.5
00
0 
-1
05
.1
66
6 
19
89
 
Fl
or
es
 
96
9 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.9
13
6 
-8
9.
31
86
 
20
02
 
A
lv
ar
ez
 
13
07
 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.9
12
7 
-8
9.
31
52
 
19
97
 
M
ar
tín
ez
 
27
21
7 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
16
.6
10
0 
-9
2.
75
00
 
19
87
 
M
ill
er
 
27
90
 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.1
60
0 
-9
6.
20
00
 
19
86
 
G
er
ea
u 
21
78
 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
18
.3
00
0 
-8
9.
11
66
 
19
84
 
Tr
ej
o 
35
82
 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
19
.4
50
0 
-9
6.
75
00
 
19
71
 
D
or
an
te
s 
13
2 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
16
.5
20
0 
-9
6.
06
00
 
19
79
 
C
ro
at
 
46
25
8 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.1
66
6 
-9
6.
20
00
 
19
86
 
G
er
ea
u 
21
78
 
M
O
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
20
.0
70
8 
-9
7.
31
94
 
20
07
 
Ib
ar
ra
 M
an
riq
ue
z 
53
29
 
IE
B
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
20
.0
45
6 
-9
7.
30
78
 
20
07
 
G
om
ez
 C
ha
ga
la
 
31
1 
IE
B
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
18
.9
25
0 
-1
01
.8
45
3 
20
03
 
R
an
ge
l-L
an
da
 
54
3 
IE
B
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
18
.7
03
9 
-1
01
.6
61
1 
20
03
 
R
an
ge
l-L
an
da
 
86
4 
IE
B
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
18
.6
65
3 
-1
02
.0
58
3 
20
03
 
St
ei
nm
an
n 
35
05
 
IE
B
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
18
.2
64
2 
-1
01
.1
55
6 
19
99
 
C
al
on
ic
o 
So
to
 
15
27
4 
FC
M
E 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.8
57
5 
-1
00
.2
37
2 
20
07
 
St
ei
nm
an
n 
57
73
 
IE
B
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
16
.9
86
4 
-9
1.
28
72
 
19
84
 
Lo
re
a 
31
84
 
IE
B
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.0
98
9 
-9
9.
81
58
 
19
95
 
M
al
aq
uí
as
 
30
 
IE
B
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.1
16
7 
-9
9.
59
17
 
19
68
 
K
ru
se
 
18
01
 
IE
B
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.2
33
3 
-1
00
.3
00
0 
19
88
 
G
ar
cí
a 
61
 
IE
B
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.2
96
1 
-9
9.
48
78
 
19
87
 
V
er
du
zc
o 
M
ar
tín
ez
 
63
 
IE
B
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.3
05
6 
-9
9.
49
44
 
19
87
 
R
od
rig
ue
z 
M
uñ
oz
 
93
L 
IE
B
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.3
91
7 
-9
9.
52
50
 
19
67
 
K
ru
se
 
15
71
 
IE
B
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.8
47
2 
-1
01
.3
80
6 
20
05
 
St
ei
nm
an
n 
49
60
 
IE
B
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.8
47
2 
-1
01
.3
80
6 
20
05
 
St
ei
nm
an
n 
49
60
 
M
EX
U
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.8
57
5 
-1
00
.2
37
2 
20
07
 
St
ei
nm
an
n 
57
73
 
M
EX
U
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
18
.2
64
2 
-1
01
.1
55
6 
19
99
 
C
al
ón
ic
o 
So
to
 
15
27
4 
IE
B
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
18
.6
65
3 
-1
02
.0
58
3 
20
03
 
St
ei
nm
an
n 
35
05
 
IE
B
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
18
.7
03
9 
-1
01
.6
61
1 
20
03
 
R
an
ge
l-L
an
da
 
86
4 
IE
B
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
18
.9
25
0 
-1
01
.8
45
3 
20
03
 
R
an
ge
l-L
an
da
 
54
3 
IE
B
 
H
er
ba
riu
m
 
	  	  82	  
C
ul
tiv
. S
ta
tu
s 
C
ou
nt
ry
 
L
at
itu
de
 
L
on
gi
tu
de
 
C
ol
le
ct
io
n 
Y
ea
r 
C
ol
le
ct
or
 
C
ol
le
ct
io
n 
N
o.
 
H
er
ba
ri
um
 
So
ur
ce
 
N
C
 
M
ex
ic
o 
20
.0
45
6 
-9
7.
30
78
 
20
07
 
G
óm
ez
 C
ha
ga
la
 
31
1 
IE
B
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
20
.0
70
8 
-9
7.
31
94
 
20
07
 
Ib
ar
ra
 M
an
ríq
ue
z 
53
29
 
IE
B
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
22
.0
74
1 
-1
04
.9
40
3 
20
08
 
A
. F
ría
s 
11
62
 
IE
B
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.3
91
7 
-9
9.
52
50
 
19
67
 
K
ru
se
 
15
71
 
M
EX
U
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.3
15
8 
-9
9.
47
42
 
20
01
 
n.
d.
 
n.
d.
 
M
EX
U
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.4
63
3 
-9
9.
88
19
 
19
97
 
n.
d.
 
n.
d.
 
M
EX
U
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.5
72
1 
-1
01
.0
16
5 
20
01
 
n.
d.
 
n.
d.
 
M
EX
U
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.6
05
8 
-1
01
.0
40
8 
20
08
 
n.
d.
 
n.
d.
 
M
EX
U
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.7
58
3 
-9
9.
45
83
 
19
98
 
n.
d.
 
n.
d.
 
M
EX
U
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.8
07
5 
-9
9.
95
64
 
19
99
 
n.
d.
 
n.
d.
 
M
EX
U
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.8
08
6 
-9
9.
95
81
 
19
99
 
n.
d.
 
n.
d.
 
M
EX
U
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.8
55
8 
-9
9.
75
19
 
19
95
 
n.
d.
 
n.
d.
 
M
EX
U
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.3
15
8 
-9
9.
47
42
 
20
01
 
V
el
ez
qu
ez
 M
on
te
z 
22
88
 
IE
B
/F
C
M
E 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.9
02
2 
-9
9.
76
81
 
19
94
 
n.
d.
 
n.
d.
 
M
EX
U
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.9
60
0 
-9
9.
34
92
 
20
04
 
n.
d.
 
n.
d.
 
M
EX
U
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.9
71
9 
-9
8.
50
64
 
19
93
 
n.
d.
 
n.
d.
 
M
EX
U
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
18
.0
04
4 
-9
8.
49
42
 
19
93
 
n.
d.
 
n.
d.
 
M
EX
U
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
18
.1
85
3 
-1
01
.4
60
6 
19
99
 
n.
d.
 
n.
d.
 
M
EX
U
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
18
.5
68
1 
-9
9.
58
33
 
19
98
 
n.
d.
 
n.
d.
 
M
EX
U
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.3
05
6 
-9
9.
49
44
 
19
87
 
R
od
rig
ue
z 
M
un
oz
 
93
L 
FC
M
E 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.2
96
1 
-9
9.
48
78
 
19
87
 
V
er
du
zc
o 
M
ar
tin
ez
 
63
 
FC
M
E 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.2
33
3 
-1
00
.3
00
0 
19
88
 
G
ar
ci
a 
61
 
C
H
A
PA
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.1
16
7 
-9
9.
59
17
 
19
68
 
K
ru
se
 
18
01
 
M
EU
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
17
.0
98
9 
-9
9.
81
58
 
19
95
 
M
al
aq
ui
as
 
30
 
IE
B
 
H
er
ba
riu
m
 
N
C
 
M
ex
ic
o 
16
.9
86
4 
-9
1.
28
72
 
20
02
 
C
al
on
ic
o 
So
to
 
23
38
6 
IE
B
/M
EX
U
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
13
.4
16
6 
-8
6.
58
33
 
19
80
 
A
ra
qu
is
ta
in
 
20
42
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
13
.7
66
6 
-8
6.
13
33
 
19
80
 
A
ra
qu
is
ta
in
 
22
53
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
11
.9
00
0 
-8
6.
21
67
 
19
81
 
M
or
en
o 
10
78
6 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
12
.0
16
6 
-8
6.
15
00
 
19
81
 
Sa
nd
in
o 
11
66
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
12
.1
66
6 
-8
6.
28
33
 
19
79
 
A
ra
qu
is
ta
in
 
27
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
13
.0
33
3 
-8
6.
00
00
 
19
78
 
St
ev
en
s 
10
16
9 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
12
.3
66
6 
-8
7.
01
66
 
19
75
 
D
'A
rc
y 
10
37
7 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
11
.6
00
0 
-8
4.
88
33
 
19
84
 
A
lm
an
za
 
48
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
11
.9
83
3 
-8
3.
76
66
 
19
82
 
M
or
en
o 
14
62
5 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
14
.0
16
6 
-8
3.
40
00
 
19
71
 
Li
ttl
e 
25
01
9 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
14
.0
16
6 
-8
4.
61
66
 
19
96
 
R
ue
da
 
40
23
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
13
.0
33
3 
-8
6.
00
00
 
19
82
 
K
ra
l 
69
25
1 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
11
.9
83
3 
-8
6.
16
66
 
19
72
 
R
ob
bi
ns
 
55
44
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
14
.0
83
3 
-8
3.
41
66
 
19
72
 
Se
ym
ou
r 
60
07
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
11
.0
00
0 
-8
4.
08
33
 
19
94
 
R
ue
da
 
16
99
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
11
.7
50
0 
-8
5.
98
33
 
19
80
 
G
uz
m
án
 
57
0 
M
O
 
H
er
ba
riu
m
 
	  	  83	  
C
ul
tiv
. S
ta
tu
s 
C
ou
nt
ry
 
L
at
itu
de
 
L
on
gi
tu
de
 
C
ol
le
ct
io
n 
Y
ea
r 
C
ol
le
ct
or
 
C
ol
le
ct
io
n 
N
o.
 
H
er
ba
ri
um
 
So
ur
ce
 
N
C
 
N
ic
ar
ag
ua
 
12
.9
33
3 
-8
6.
35
00
 
19
78
 
V
in
ce
lli
 
71
0 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
12
.5
83
3 
-8
5.
53
33
 
19
78
 
St
ev
en
s 
93
32
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
11
.7
50
0 
-8
5.
98
33
 
19
81
 
Sa
nd
in
o 
77
6 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
14
.3
91
6 
-8
3.
69
16
 
19
78
 
V
in
ce
lli
 
62
3 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
14
.0
50
0 
-8
3.
40
00
 
19
78
 
V
in
ce
lli
 
50
9 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
13
.9
16
6 
-8
6.
13
33
 
19
72
 
Se
ym
ou
r 
55
13
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
14
.0
16
6 
-8
3.
39
16
 
19
78
 
St
ev
en
s 
13
29
0 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
13
.4
83
3 
-8
4.
21
66
 
19
81
 
St
ev
en
s 
19
50
5 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
12
.9
16
6 
-8
5.
86
66
 
19
80
 
R
ue
da
 
13
74
8 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
12
.1
66
6 
-8
6.
30
00
 
19
81
 
Sa
nd
in
o 
63
8 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
13
.5
01
3 
-8
4.
25
27
 
19
82
 
G
rij
al
va
 
16
11
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
12
.4
16
6 
-8
5.
53
33
 
19
79
 
St
ev
en
s 
14
49
4 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
11
.9
50
0 
-8
6.
12
49
 
19
77
 
St
ev
en
s 
44
62
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
13
.2
33
3 
-8
6.
85
00
 
19
81
 
M
or
en
o 
11
59
1 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
11
.7
50
0 
-8
4.
35
00
 
19
83
 
N
ee
 
27
79
2 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
13
.2
33
3 
-8
6.
85
00
 
19
81
 
M
or
en
o 
11
82
5 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
13
.2
00
0 
-8
6.
48
33
 
19
80
 
M
or
en
o 
19
20
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
11
.8
50
0 
-8
5.
98
33
 
19
77
 
N
ei
ll 
26
40
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
12
.2
00
0 
-8
5.
28
33
 
19
77
 
St
ev
en
s 
41
25
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
11
.1
33
3 
-8
4.
35
00
 
19
99
 
R
ue
da
 
10
48
4 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
10
.7
66
7 
-8
3.
88
33
 
19
98
 
R
ue
da
 
90
47
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
12
.0
66
6 
-8
5.
10
00
 
19
82
 
M
or
en
o 
16
21
4 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
13
.0
50
0 
-8
6.
35
00
 
19
81
 
M
or
en
o 
83
36
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
13
.0
33
3 
-8
6.
35
00
 
19
81
 
M
or
en
o 
81
10
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
11
.9
91
6 
-8
3.
76
66
 
19
81
 
St
ev
en
s 
19
81
0 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
11
.9
16
6 
-8
6.
06
66
 
19
80
 
M
or
en
o 
7 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
13
.7
66
6 
-8
4.
73
33
 
19
78
 
N
ei
ll 
36
83
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
14
.0
83
3 
-8
3.
23
33
 
19
78
 
St
ev
en
s 
78
73
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
13
.7
00
0 
-8
6.
25
00
 
19
77
 
N
ei
ll 
17
03
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
13
.8
66
6 
-8
6.
13
33
 
19
77
 
N
ei
ll 
16
94
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
12
.1
83
3 
-8
5.
35
00
 
19
83
 
St
ev
en
s 
22
42
9 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
13
.0
33
3 
-8
5.
93
33
 
19
80
 
M
or
en
o 
18
79
-b
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
12
.1
83
3 
-8
6.
66
66
 
19
78
 
St
ev
en
s 
97
72
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
13
.7
08
3 
-8
6.
32
49
 
19
77
 
St
ev
en
s 
32
40
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
12
.0
66
6 
-8
5.
08
33
 
19
72
 
Se
ym
ou
r 
63
14
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
14
.0
33
3 
-8
3.
40
00
 
19
83
 
Sa
nd
in
o 
39
89
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
11
.9
83
3 
-8
3.
68
33
 
19
82
 
Sa
nd
in
o 
21
76
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
13
.5
00
0 
-8
6.
70
00
 
19
77
 
S.
 T
om
lin
 
17
7 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
13
.5
50
0 
-8
4.
30
00
 
19
82
 
K
ra
l 
69
21
1 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
13
.5
50
0 
-8
4.
28
33
 
19
82
 
St
ev
en
s 
21
74
5 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
12
.1
66
6 
-8
4.
30
00
 
19
85
 
D
av
id
se
 
30
75
6 
M
O
 
H
er
ba
riu
m
 
	  	  84	  
C
ul
tiv
. S
ta
tu
s 
C
ou
nt
ry
 
L
at
itu
de
 
L
on
gi
tu
de
 
C
ol
le
ct
io
n 
Y
ea
r 
C
ol
le
ct
or
 
C
ol
le
ct
io
n 
N
o.
 
H
er
ba
ri
um
 
So
ur
ce
 
N
C
 
N
ic
ar
ag
ua
 
14
.5
00
0 
-8
3.
83
33
 
19
79
 
Pi
po
ly
 
40
83
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
14
.7
50
0 
-8
3.
88
33
 
19
71
 
Se
ym
ou
r 
48
39
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
14
.0
33
3 
-8
3.
38
33
 
19
71
 
N
el
so
n 
44
63
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
14
.1
33
3 
-8
3.
30
00
 
19
71
 
Li
ttl
e 
25
41
4 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
11
.9
66
6 
-8
6.
13
33
 
19
80
 
M
or
en
o 
37
3 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
12
.0
16
6 
-8
6.
16
66
 
19
75
 
N
ei
ll 
61
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
13
.7
16
6 
-8
6.
61
66
 
19
82
 
Sa
nd
in
o 
29
53
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
11
.8
33
3 
-8
6.
00
00
 
19
81
 
M
or
en
o 
85
47
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
13
.8
50
0 
-8
4.
61
66
 
19
78
 
N
ei
ll 
39
31
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
13
.5
33
3 
-8
4.
26
66
 
19
78
 
N
ei
ll 
38
80
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
13
.5
33
3 
-8
4.
26
66
 
19
78
 
N
ei
ll 
38
96
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
11
.5
83
3 
-8
3.
65
00
 
19
81
 
M
or
en
o 
12
18
8 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
14
.1
66
0 
-8
3.
37
49
 
19
78
 
St
ev
en
s 
10
68
7 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
12
.3
83
3 
-8
7.
03
33
 
19
82
 
Sa
nd
in
o 
35
30
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
14
.6
83
3 
-8
3.
50
00
 
19
78
 
St
ev
en
s 
76
78
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
11
.8
50
0 
-8
5.
96
66
 
19
75
 
N
ei
ll 
37
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
11
.9
50
0 
-8
6.
01
66
 
19
81
 
M
or
en
o 
10
35
4 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
14
.7
33
3 
-8
3.
96
66
 
19
70
 
A
tw
oo
d 
36
22
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
13
.8
00
0 
-8
4.
40
00
 
19
97
 
R
ue
da
 
67
62
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
13
.5
33
3 
-8
4.
50
00
 
19
82
 
St
ev
en
s 
21
68
3 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
12
.4
16
6 
-8
6.
55
00
 
19
72
 
R
ob
bi
ns
 
61
14
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
14
.6
33
3 
-8
3.
98
33
 
19
72
 
Se
ym
ou
r 
55
68
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
14
.3
33
3 
-8
3.
65
00
 
19
72
 
Se
ym
ou
r 
56
59
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
13
.0
33
3 
-8
6.
33
33
 
19
83
 
M
or
en
o 
21
17
3 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
14
.0
33
3 
-8
3.
38
33
 
19
71
 
N
el
so
n 
44
79
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
12
.0
16
6 
-8
3.
76
66
 
19
73
 
M
ar
sh
al
l 
64
87
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
14
.0
33
3 
-8
3.
38
33
 
19
73
 
M
ar
sh
al
l 
65
69
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
14
.0
33
3 
-8
3.
38
33
 
19
73
 
M
ar
sh
al
l 
65
71
 
M
O
 
H
er
ba
riu
m
 
N
C
 
N
ic
ar
ag
ua
 
12
.7
16
6 
-8
7.
06
66
 
19
81
 
Sa
nd
in
o 
13
47
 
M
O
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
8.
67
03
 
-7
9.
92
73
 
20
10
 
C
ro
ft 
10
3 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
Pa
na
m
a 
8.
43
03
 
-8
0.
06
85
 
20
10
 
C
ro
ft 
10
4 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
Pa
na
m
a 
8.
57
68
 
-8
0.
68
87
 
20
10
 
C
ro
ft 
10
6 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
Pa
na
m
a 
8.
41
88
 
-8
0.
65
72
 
20
10
 
C
ro
ft 
10
8 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
Pa
na
m
a 
7.
42
25
 
-8
0.
15
08
 
20
10
 
C
ro
ft 
11
1 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
Pa
na
m
a 
8.
42
31
 
-8
1.
04
45
 
20
10
 
C
ro
ft 
11
3 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
Pa
na
m
a 
9.
33
10
 
-8
2.
21
78
 
20
10
 
C
ro
ft 
11
4 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
Pa
na
m
a 
8.
15
95
 
-8
1.
05
58
 
20
10
 
C
ro
ft 
11
7 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
Pa
na
m
a 
9.
05
81
 
-7
9.
63
86
 
20
10
 
C
ro
ft 
11
9 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
Pa
na
m
a 
7.
63
30
 
-8
1.
23
35
 
20
10
 
C
ro
ft 
11
6 
M
O
 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
Pa
na
m
a 
8.
61
40
 
-7
9.
82
64
 
20
10
 
C
ro
ft 
 - 
- 
Fi
el
d 
C
ol
le
ct
io
n 
N
C
 
Pa
na
m
a 
8.
25
00
 
-7
7.
58
33
 
19
80
 
H
ah
n 
21
5 
M
O
 
H
er
ba
riu
m
 
	  	  85	  
C
ul
tiv
. S
ta
tu
s 
C
ou
nt
ry
 
L
at
itu
de
 
L
on
gi
tu
de
 
C
ol
le
ct
io
n 
Y
ea
r 
C
ol
le
ct
or
 
C
ol
le
ct
io
n 
N
o.
 
H
er
ba
ri
um
 
So
ur
ce
 
N
C
 
Pa
na
m
a 
8.
60
00
 
-7
9.
06
66
 
19
82
 
K
na
pp
 
32
22
 
M
O
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
8.
22
22
 
-7
9.
12
50
 
19
67
 
C
or
re
a 
90
 
M
O
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
8.
66
66
 
-7
9.
75
00
 
19
81
 
K
na
pp
 
12
36
 
M
O
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
8.
70
00
 
-7
9.
91
66
 
19
80
 
Sy
st
m
a 
11
33
 
M
O
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
9.
21
66
 
-7
9.
75
00
 
19
80
 
Sy
st
m
a 
12
59
 
M
O
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
7.
70
66
 
-8
0.
17
33
 
19
82
 
H
uf
t 
17
60
 
M
O
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
9.
16
66
 
-7
9.
66
66
 
19
85
 
M
cP
he
rs
on
 
68
88
 
M
O
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
8.
18
33
 
-8
2.
88
33
 
19
73
 
Li
es
ne
r 
42
3 
M
O
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
  
7.
53
33
 
-8
0.
03
33
 
19
67
 
C
or
re
a 
72
 
PM
A
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
  
7.
73
33
 
-8
0.
15
00
 
19
82
 
H
uf
t 
17
60
 
PM
A
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
  
7.
85
00
 
-8
1.
78
33
 
19
84
 
C
hu
rc
hi
ll 
57
18
 
PM
A
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
  
7.
95
00
 
-8
0.
78
33
 
19
67
 
Le
w
is
 
16
42
 
PM
A
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
  
7.
95
00
 
-8
0.
78
33
 
19
70
 
W
ilb
ur
 
12
10
1 
PM
A
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
  
8.
05
00
 
-8
0.
93
33
 
19
73
 
N
ee
 
82
03
 
PM
A
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
  
8.
10
00
 
-8
0.
98
33
 
19
77
 
D
'A
rc
y 
10
64
3 
PM
A
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
  
8.
25
00
 
-7
9.
11
67
 
19
67
 
C
or
re
a 
90
 
PM
A
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
  
8.
28
33
 
-8
2.
86
67
 
19
73
 
B
us
ey
 
73
4 
PM
A
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
  
8.
41
67
 
-7
8.
15
00
 
19
72
 
G
en
try
 
39
18
 
PM
A
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
  
8.
51
67
 
-8
0.
36
67
 
19
74
 
Ty
so
n 
72
51
 
PM
A
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
  
8.
51
67
 
-8
1.
08
33
 
19
73
 
N
ee
 
80
61
 
PM
A
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
  
8.
53
33
 
-8
1.
10
00
 
19
77
 
Fo
ls
om
 
30
67
 
PM
A
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
  
8.
63
33
 
-7
9.
08
33
 
19
82
 
K
na
pp
 
32
22
 
PM
A
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
  
8.
68
33
 
-7
9.
91
67
 
19
84
 
M
cC
oo
k 
10
11
 
PM
A
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
  
8.
71
67
 
-7
9.
86
67
 
19
77
 
M
én
de
z 
11
 
PM
A
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
  
8.
73
33
 
-7
9.
85
00
 
19
78
 
V
ar
el
a 
8 
PM
A
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
  
8.
95
00
 
-7
9.
68
33
 
19
69
 
R
ee
ce
 
24
 
PM
A
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
  
9.
01
67
 
-7
9.
51
67
 
19
65
 
Ty
so
n 
11
28
 
PM
A
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
  
9.
06
67
 
-7
9.
51
67
 
19
67
 
C
or
re
a 
50
54
 
PM
A
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
  
9.
08
33
 
-7
9.
53
33
 
19
70
 
Sa
nd
ov
al
 
50
 
PM
A
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
  
9.
14
94
 
-7
9.
85
55
 
20
09
 
Pé
re
z 
22
62
 
PM
A
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
  
9.
15
00
 
-7
9.
85
00
 
19
71
 
W
eb
st
er
 
16
45
0 
PM
A
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
  
9.
16
67
 
-7
9.
41
67
 
19
74
 
N
ee
 
11
54
7 
PM
A
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
  
9.
20
00
 
-8
0.
18
33
 
20
06
 
B
ej
ar
an
o 
56
 
PM
A
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
  
9.
28
33
 
-8
0.
05
00
 
19
74
 
N
ee
 
11
70
2 
PM
A
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
  
9.
31
67
 
-8
0.
00
00
 
19
70
 
Q
ui
st
ga
ar
d 
10
 
PM
A
 
H
er
ba
riu
m
 
N
C
 
Pa
na
m
a 
  
9.
36
67
 
-7
9.
80
00
 
19
73
 
N
ee
 
66
83
 
PM
A
 
H
er
ba
riu
m
 
N
C
 
Su
rin
am
e 
2.
45
00
 
-5
4.
80
00
 
19
93
 
R
od
rig
ue
z 
57
98
 
M
O
 
H
er
ba
riu
m
 
N
C
 
Su
rin
am
e 
5.
05
00
 
-5
5.
13
33
 
19
82
 
C
ro
at
 
53
86
4 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
5.
55
83
 
-6
7.
60
00
 
19
89
 
R
om
er
o 
20
13
 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
6.
75
00
 
-6
6.
61
66
 
19
85
 
B
oo
m
 
60
35
 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
5.
66
66
 
-6
7.
66
66
 
19
84
 
G
en
try
 
46
28
4 
M
O
 
H
er
ba
riu
m
 
	  	  86	  
C
ul
tiv
. S
ta
tu
s 
C
ou
nt
ry
 
L
at
itu
de
 
L
on
gi
tu
de
 
C
ol
le
ct
io
n 
Y
ea
r 
C
ol
le
ct
or
 
C
ol
le
ct
io
n 
N
o.
 
H
er
ba
ri
um
 
So
ur
ce
 
N
C
 
V
en
ez
ue
la
 
7.
16
66
 
-6
6.
50
00
 
19
84
 
St
er
gi
os
 
71
90
 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
7.
16
66
 
-6
6.
50
00
 
19
84
 
St
er
gi
os
 
71
90
 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
5.
78
33
 
-6
7.
53
33
 
19
78
 
D
av
id
se
 
15
07
6 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
5.
85
00
 
-6
7.
40
00
 
19
78
 
D
av
id
se
 
15
20
8 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
6.
55
00
 
-6
7.
28
33
 
19
77
 
D
av
id
se
 
12
38
2 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
7.
03
33
 
-6
7.
08
33
 
19
77
 
D
av
id
se
 
12
22
5A
 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
5.
60
00
 
-6
7.
61
66
 
19
78
 
D
av
id
se
 
14
92
6 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
7.
53
33
 
-6
5.
30
00
 
19
90
 
V
el
az
co
 
16
43
 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
11
.0
83
3 
-6
9.
70
00
 
19
85
 
H
ub
er
 
10
81
7 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
10
.1
66
6 
-6
8.
41
66
 
19
82
 
C
ro
at
 
54
57
4 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
9.
01
66
 
-6
6.
40
00
 
19
96
 
O
rti
z 
32
73
 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
7.
48
33
 
-6
5.
33
33
 
19
90
 
Si
lv
in
o 
73
1 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
6.
16
66
 
-6
8.
75
00
 
19
78
 
D
av
id
se
 
14
10
8 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
6.
31
66
 
-6
7.
83
33
 
19
78
 
D
av
id
se
 
13
78
5 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
8.
91
66
 
-7
1.
66
66
 
19
83
 
va
n 
de
r W
er
ff
 
53
51
 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
4.
31
66
 
-6
1.
73
33
 
19
82
 
C
ro
at
 
54
12
6 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
5.
16
66
 
-6
1.
11
66
 
19
82
 
C
ro
at
 
54
27
1 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
7.
86
66
 
-7
1.
70
00
 
19
90
 
D
or
r 
70
84
 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
7.
18
33
 
-6
4.
21
66
 
19
89
 
D
el
ga
do
 
22
4 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
2.
51
66
 
-6
5.
38
33
 
19
84
 
St
ey
er
m
ar
k 
13
04
02
 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
6.
98
33
 
-6
7.
38
33
 
19
90
 
C
as
til
lo
 
31
87
 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
6.
98
33
 
-6
7.
38
33
 
19
90
 
C
as
til
lo
 
31
87
 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
7.
03
33
 
-6
7.
65
00
 
19
77
 
D
av
id
se
 
12
87
5 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
6.
90
00
 
-6
7.
30
00
 
19
77
 
D
av
id
se
 
12
82
4 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
8.
93
33
 
-6
7.
41
66
 
19
87
 
R
am
íre
z 
21
54
 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
6.
96
66
 
-6
7.
81
66
 
19
77
 
D
av
id
se
 
13
10
7 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
4.
50
00
 
-6
1.
58
33
 
19
85
 
Li
es
ne
r 
19
88
9 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
4.
50
00
 
-6
1.
50
00
 
19
85
 
Li
es
ne
r 
19
25
6 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
10
.2
49
5 
-6
4.
24
99
 
19
81
 
D
av
id
se
 
19
47
4 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
8.
70
00
 
-6
9.
73
33
 
19
82
 
D
av
id
se
 
21
38
0 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
9.
06
66
 
-6
9.
81
66
 
19
82
 
A
ym
ar
d 
12
91
 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
6.
30
00
 
-6
5.
35
00
 
19
98
 
Ze
nt
 
15
62
 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
5.
65
00
 
-6
7.
61
66
 
19
92
 
G
rö
ge
r 
25
1 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
4.
26
66
 
-6
6.
70
00
 
19
90
 
M
ar
in
 
95
0 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
10
.0
66
6 
-7
0.
93
33
 
19
89
 
A
ym
ar
d 
75
07
 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
6.
70
00
 
-6
7.
45
83
 
19
89
 
R
uí
z 
43
95
 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
5.
31
66
 
-6
1.
05
00
 
19
88
 
Li
es
ne
r 
23
70
1 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
7.
88
33
 
-6
4.
38
33
 
19
87
 
Fe
rn
an
de
z 
42
60
 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
7.
75
00
 
-6
3.
00
00
 
19
81
 
Li
es
ne
r 
11
05
8 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
5.
61
66
 
-6
7.
60
00
 
19
78
 
D
av
id
se
 
17
50
 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
7.
86
66
 
-6
5.
68
33
 
19
88
 
V
el
az
co
 
79
 
M
O
 
H
er
ba
riu
m
 
	  	  87	  
C
ul
tiv
. S
ta
tu
s 
C
ou
nt
ry
 
L
at
itu
de
 
L
on
gi
tu
de
 
C
ol
le
ct
io
n 
Y
ea
r 
C
ol
le
ct
or
 
C
ol
le
ct
io
n 
N
o.
 
H
er
ba
ri
um
 
So
ur
ce
 
N
C
 
V
en
ez
ue
la
 
6.
73
33
 
-6
7.
33
33
 
19
78
 
D
av
id
se
 
14
62
4 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
3.
08
33
 
-6
4.
63
33
 
19
90
 
Fe
rn
an
de
z 
67
21
 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
8.
93
33
 
-6
7.
41
66
 
19
87
 
R
am
íre
z 
21
07
 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
4.
31
66
 
-6
1.
73
33
 
19
82
 
C
ro
at
 
54
09
2 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
4.
66
67
 
-6
1.
50
00
 
19
82
 
C
ro
at
 
54
21
4 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
6.
56
66
 
-6
6.
38
33
 
19
89
 
Fe
rn
an
de
z 
56
21
 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
10
.0
00
0 
-7
2.
48
33
 
19
80
 
D
av
id
se
 
18
34
8 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
6.
56
66
 
-6
7.
08
33
 
19
93
 
C
as
til
lo
 
34
85
 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
4.
66
66
 
-6
1.
36
66
 
19
87
 
M
ar
ca
no
 
86
9 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
5.
58
33
 
-6
6.
16
66
 
19
81
 
Li
es
ne
r 
10
96
9 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
7.
75
00
 
-6
9.
28
33
 
19
78
 
D
av
id
se
 
14
82
8 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
6.
36
66
 
-6
3.
55
00
 
19
87
 
St
er
gi
os
 
10
06
9 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
6.
60
00
 
-6
7.
15
00
 
19
77
 
D
av
id
se
 
12
61
8 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
4.
50
00
 
-6
1.
58
33
 
19
85
 
Li
es
ne
r 
19
68
1 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
5.
70
00
 
-6
2.
50
00
 
19
82
 
D
av
id
se
 
22
60
3 
M
O
 
H
er
ba
riu
m
 
N
C
 
V
en
ez
ue
la
 
6.
91
67
 
-6
6.
50
00
 
19
85
 
B
oo
m
 
62
42
 
M
O
 
H
er
ba
riu
m
 
	  	   88	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 2 
 
GENETIC CHANGE DURING EARLY DOMESTICATION:  
ANALYSES OF CULTIVATED AND NON-CULTIVATED BYRSONIMA CRASSIFOLIA 
POPULATIONS USING MICROSATELLITE DATA
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INTRODUCTION 
Domestication causes genetic, phenotypic and ecological changes in cultivated 
populations over time (Darwin, 1875; Clement, 1999).  Early researchers noted the phenotypic 
changes in plants that had experienced this process, describing a “domestication syndrome” of 
domesticated plants, particularly cereals (Hammer, 1984; Harlan, De Wet, and Price, 1973; 
Harlan, 1992).  Traits associated with this syndrome typically increase the ease of planting and 
harvesting, and improve the size, quality, and digestibility of edible plant parts.  These traits 
include loss of seed dispersal mechanisms, loss of seed dormancy, synchronization of flowering, 
increased apical dominance, reduced bitterness, and increased size of parts of the plant that are 
consumed (Harlan, De Wet, and Price, 1973; Doebley, Gaut, and Smith, 2006; Brown et al., 
2009).  They are believed to have resulted from conscious and unconscious selection by people 
during cultivation (Zohary, 2004). 
The genetic basis of many of these traits has been explored.  For example, loss of seed 
shattering is a key trait distinguishing wild and domesticated plants, and is among the earliest to 
develop in cultivated populations (Harlan, De Wet, and Price, 1973; Li, Ailing, and Sang, 2006; 
Brown et al., 2009).  Shattering seeds inhibit plant use, as people cannot easily harvest small 
seeds that fall from the plant at maturity.  In contrast, seeds that remain on the plant can be 
harvested, stored, and planted in future seasons.  Whereas wild rice (Oryza rufipogon) panicles 
disperse seeds at maturity, seeds of domesticated rice (Oryza sativa) primarily mature on the 
plant.  This distinction is subject to genetic control.  Li and colleagues (2006) identified three 
QTL associated with non-shattering in domesticated rice. 
Increased apical dominance is another trait associated with the change from wild to 
domesticated plant.  This change shifts allocation of plant resources from secondary branches to 
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growth along the primary axis, and is noted in many cereals.  A striking example of this shift in 
plant architecture is that between domesticated corn (Zea mays) and teosinte, its closest wild 
relative (Doebley, 2004).  Doebley and colleagues (1997) showed that changes in the regulation 
of the teosinte branched1 locus (tb1) led to the evolutionary divergence between these wild and 
domesticated plants.   
In recent years, more general genetic differences between domesticated plants and their 
wild relatives have been extensively investigated (for example Olsen and Schaal, 2001; Molina 
et al., 2011; van Heerwaarden et al., 2011; and reviewed in Doebley, Gaut, and Smith, 2006).  
The most basic pattern of genetic change inferred from domesticated plants is that of a 
“domestication bottleneck,” in which overall levels of genetic variation have been reduced 
through the domestication process (Doebley, Gaut, and Smith, 2006).  This bottleneck is 
observed as lower levels of genetic variation in domesticated plant populations than in the wild 
populations from which they were taken.  It has been noted in numerous crops including 
soybeans (Hyten et al., 2006), tomatoes (Miller and Tanksley, 1990), and wheat (Reif et al., 
2005).   
The domestication bottleneck can result from several interacting processes.  On a 
population level, domestication sharply reduces genetic variation at sites controlling traits under 
selection (Wright et al., 2005).  New mutations that confer favorable traits are rapidly pushed 
towards fixation in cultivated populations, reducing nearby variation in “selective sweeps.”  For 
example, the Waxy gene controls starch quality in rice grains, a phenotype strongly selected on 
by people.  A splice donor mutation in the Waxy gene is responsible for the glutinous rice 
phenotype (Wang et al., 1995).  Olsen and Purugganan (2002) detected reduced genetic 
variability at the Waxy locus in glutinous rice as compared with non-glutinous rice, in a pattern 
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consistent with a recent selective sweep.  Strong artificial selection on phenotypes associated 
with new genetic mutations can disproportionately reduce genetic variation at nearby sites.  
Recombination mitigates this “hitchhiking” effect on nearby genetic variation with increasing 
distance between the sites and the number of generations since the selective sweep (Fay and Wu, 
2000). 
Neutral genetic variation is reduced less than variation at loci under selection, via 
different mechanisms (Wright et al., 2005).  Genetic drift (Wright, 1931) can reduce all genetic 
variation in domesticated populations.  A sampling effect due to the smaller effective sizes of 
cultivated populations than those of non-cultivated populations permits fewer genetic variants to 
pass into each successive generation by chance alone.  The resulting pattern is one of lower 
genetic diversity in domesticated than in wild populations, the basic signature of the 
domestication bottleneck. 
It can be inferred that each of our modern domesticated crops, at some point in the past, 
passed through this domestication process from wild to domesticated plant.  And yet researchers 
who study modern crops are limited in what they can learn about this process because it occurred 
thousands of years in the past.  They are constrained to comparing plant populations at either end 
of the domestication spectrum: the domesticated crops of interest and their extant wild relatives.  
Such studies are unable to address the timing and extent of intermediate processes during the 
domestication.  Open questions include whether the domestication bottleneck occurs early in the 
domestication process, or if this pattern results from a gradual and continual loss of genetic 
variation over many generations.  Are observed phenotypic changes in the parts of the plant used 
by people indicative of an accompanying domestication bottleneck, or does one occur before the 
other can be detected?  These questions cannot be answered by studying fully domesticated 
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plants. 
Incipiently domesticated species provide rare opportunities to study domestication in 
action.  These species can be found in wild, managed, and cultivated populations.  Cultivated 
populations can range from nearly phenotypically indistinguishable from wild populations to 
markedly divergent from typical wild phenotypes (Clement, 1999; Casas et al., 2007).  This 
range of population types permits researchers to answer questions about the timing and extent of 
genetic, phenotypic, and ecological change that occurs during the domestication process. 
In line with comparisons between domesticated crops and their wild relatives, genetic 
variability is expected to decrease in cultivated populations of incipiently domesticated plants 
(Clement, 1999).  In their study of the incipiently domesticated fruit tree, Spondias purpurea 
(Anacardiaceae), Miller and Schaal (2006) found more limited genetic variation in cultivated 
than in wild populations.  Interestingly, some cultivated alleles were never observed in wild 
populations, suggesting that new mutations arose in cultivation, or that habitat loss had eroded 
wild genetic diversity.  These findings emphasize the complexity of influences on plant 
populations currently experiencing the domestication process. 
In another study, of the columnar cactus Stenocereus pruinosa (Cactaceae), Parra and 
colleagues (2010) found lower average genetic diversity in cultivated than in wild populations, 
and that plants grown in silviculture (i.e. in sparsely vegetated areas also used for seasonal 
agriculture) had even higher genetic diversity than wild populations.  And yet, these differences 
were not statistically significant.  These results suggest the possibility that different cultivation 
practices may influence genetic diversity in different ways, and that differences may not be 
pronounced early in the domestication process. 
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Too few studies have investigated patterns of genetic change in incipiently domesticated 
species to make any generalities in the patterns clear.  Additional studies will contribute to a 
growing understanding of the genetic changes that accompany the transition of wild plant 
populations into populations associated with human communities, cultivated by and potentially 
selected on by people.  Genetic changes beyond an expected reduction in genetic variation, 
including changes in how genetic variation is structured, may also accompany the domestication 
process. 
In this study, I investigate early genetic effects of domestication in the incipiently 
domesticated fruit tree, Byrsonima crassifolia (nance).  By examining a species that has not 
previously been studied using genetic tools, this research adds new insight into the general 
understanding of patterns of genetic change early in the domestication process.  The broad 
geographic distribution of this species and its cultivated populations permit comparisons of the 
effects of the domestication process in multiple regions with different histories of cultivation.  
In particular, I tested whether non-cultivated and cultivated populations of B. crassifolia 
diverge genetically, and how non-coding genetic variation is structured within these population 
types.  I predicted that cultivated populations would contain a large subset of the genetic 
diversity of non-cultivated populations.  Such a pattern would result from a mild genetic 
sampling effect associated with the early stages of a protracted genetic bottleneck.  I also 
hypothesized that cultivated populations arose independently in different parts of the species 
range.  Cultural and archaeological evidence suggest that people took nance into cultivation 
independently in different regions from local non-cultivated populations, rather than receiving 
cultivated plants from a single region of origin.  This pattern would permit several replicate 
analyses of early processes of domestication in different geographic regions.  I predicted that the 
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same genetic relationship between local non-cultivated and cultivated populations would be 
observed in southeastern Mexico, southwestern Mexico, Brazil, and Panama.  To test these 
predictions, I developed novel species-specific genetic tools in the form of eight polymorphic 
microsatellite loci.  These tools are now available for future studies of this species, both in the 
context of domestication, and population genetics in general. 
 
MATERIALS AND METHODS 
Microsatellite Development.  This section was originally published as Croft and Schaal (2012).  
It is republished here with minor editorial adjustments, including clarification on how work 
particular to this study fits into the context of the greater study. 
 Here we report the development and characterization of eight polymorphic microsatellite 
loci that will serve as tools for understanding processes of plant cultivation and domestication in 
this species.  Two additional loci are monomorphic in the B. crassifolia populations tested, but 
may prove useful in other populations or species.  Field collections for microsatellite 
development were made by GKC in cultivated and non-cultivated populations in Bolivia, Brazil, 
Mexico, and Panama.  All loci were also evaluated for amplification in individuals from four 
congeneric species: B. basiloba, B. bucidaefolia, B. variabilis and B. verbascifolia. 
Table 2.1 includes locality information for populations used for microsatellite 
development.  One voucher specimen per population was deposited at both the Missouri 
Botanical Garden (MO) and local herbaria (LPB, RB, UNAM, and PMA).  Before international 
field collections were made, preliminary samples were obtained from three cultivated plants in 
Florida, outside of the native range of B. crassifolia.  These included dried leaves from two 
plants obtained from the Tampa Bay Chapter of the Rare Fruits Club International (from the 
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gardens of A. Hendry and C. Novak in Tampa, Florida, USA), and one from the Fairchild 
Tropical Botanic Garden in Miami.  Silica-dried leaf tissue from the plant obtained from A. 
Hendry was sent to the Ecological Genomics Core Facility at Cornell University, where genomic 
DNA was extracted using the DNeasy Plant Mini Kit (Qiagen, Valencia, California, USA), and 
the microsatellite library was constructed following a protocol (Andrés and Bogdanowicz, 2011) 
modified from Hamilton and colleagues (1999).  Seventy-six sequences containing di-, tri- and 
tetramer repeats were recovered from the enriched genomic library.  These included 41 
sequences containing dimer repeats, 17 containing trimers, 16 with tetramers, one with dimer and 
trimer repeats, and one with dimer and tetramer repeats.  Several of these sequences were 
eliminated from the pool of candidates for primer design.  These included sequences containing 
additional repetitive DNA, such as poly-Ts that inhibited primer design, sequences containing 
two or more repeat types that may impact our ability to distinguish between different alleles of 
the same length, short clone sequences that would yield fragments less than 100 bp, and probable 
duplicate reads of the same original sequence.  A total of 31 primer pairs were designed by the 
authors from the remaining sequences using Primer3 (Rozen and Skaletsky, 2000).  These primer 
pairs were then tested for amplification and polymorphism in the samples from Florida and a 
subset of samples from the four B. crassifolia populations used in this study.  The full sample set 
included 60 B. crassifolia individuals drawn from four populations: two non-cultivated 
populations from Bolivia and Brazil and two cultivated populations from Mexico and Panama.  
Primers were initially screened with the M13-tagging method described in Schuelke (2000).  The 
sequence  GTTTCTT was added to the 5’ end of each reverse primer to facilitate complete 
adenylation and reduce microsatellite stutter as described in Brownstein et al. (1996).  Successful 
loci were then individually labeled with fluorescent dyes for use in multiplex PCR reactions.   
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Loci were initially tested individually in 10 µl reactions using the following PCR 
conditions: 2 ng DNA, 1x GoTaq Flexi Buffer (Promega, Madison, Wisconsin, USA), 0.2 mM 
dNTPs, 0.2 mM fluorescent dye-labeled M13 primer, 0.02 mM unlabeled forward primer, 0.2 
mM reverse primer, 2.5 Mm MgCl2, and 0.4 units GoTaq polymerase.  Amplification occurred in 
GeneAmp 9700 thermocyclers (Applied Biosystems, Carlsbad, California, USA) with a 
touchdown PCR program (Don et al., 1991) as follows: an initial denaturing step of 95°C for 5 
min, followed by 20 cycles of 95°C for 30 s, initial annealing temperature of 65°C (decreasing 
by 0.5°C per cycle) for 1 min 30 s, and extension at 72°C for 30 s; then 8 cycles of 95°C for 30 s, 
55°C for 1 min 30 sec, and 72°C for 30 s.  PCR products were sized using the ROX 400HD size 
standard on an Applied Biosystems 3130xl Genetic Analyzer, and alleles were determined with 
GeneMapper v3.7 (Applied Biosystems). 
Ten primer pairs amplified successfully with consistently interpretable alleles (see Table 
2.2).  For these loci, we ordered individually fluorescent-dye-labeled forward primers for use in 
non-M13 PCRs.  Eight of these loci were identified as polymorphic in the samples tested.  Two 
panels of loci were ultimately developed for multiplex PCRs.  Panel A consisted of Bcf07-HEX, 
Bcf06-NED, and Bcf08-FAM; Panel B consisted of Bcf05-HEX, Bcf03-FAM, Bcf01-HEX, 
Bcf04-NED, and Bcf02-NED.  Bcf09-HEX and Bcf10-FAM were run individually.  Multiplex 
PCRs were run using half reactions (12.5 µl) of the Qiagen TypeIt Microsatellite PCR kit, 
including 2 ng of DNA and 2 mM of each individually labeled forward and unlabeled reverse 
primer in the panel.  For these multiplex reactions, we added a final extension at 60°C for 30 min 
to our touchdown thermocycler program, as recommended for TypeIt PCRs. 
 For the eight polymorphic loci, the number of alleles per locus, observed heterozygosity, 
expected heterozygosity, deviations from Hardy-Weinberg Equilibrium, and linkage 
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disequilibrium were evaluated in four populations of 15 plants each using PopGene v1.32 (Yeh 
et al., 1997) (Table 2.3).  The number of observed alleles ranged from 2 to 11 across all 
populations, with an average of 5.4 alleles per locus.  After Bonferroni corrections for multiple 
comparisons, a total of three deviations from HWE were noted in two populations.  These 
deviations occurred only in cultivated populations, where some deviation may be expected due to 
non-random mating.  No linkage disequilibrium was detected among the eight loci.  All loci were 
tested in one individual of four additional Byrsonima species: B. basiloba, B. bucidaefolia, B. 
variabilis and B. verbascifolia.  Amplification was successful for all loci in B. basiloba and B. 
variabilis, for four loci in B. bucidaefolia, and for seven loci in B. verbascifolia (see Table 2.3).  
Observation of heterozygosity in B. bucidaefolia, B. variabilis, and B. verbascifolia may indicate 
substantial polymorphism at these loci in these species, although all loci in B. basiloba were 
homozygous. 
In conclusion, eight of these newly developed microsatellite markers exhibit promise for 
range-wide population genetic studies of both cultivated and non-cultivated Byrsonima 
crassifolia.  Successful cross-amplification in four additional Byrsonima species suggests that 
they may be of use in related taxa. 
Population Genetics 
Field Collections 
The variety of cultivated B. crassifolia fruits noted in the literature in the state of Pará, 
Brazil (Silva and Tassara, 2001) and in Mexico (Anderson, 1981; Casas et al., 1996) suggest 
long-term selection in these regions.  Although cultivation and household use of B. crassifolia 
are common in Panama (Love and Spaner, 2005), phenotypic variation is minimal and selection 
for fruit quality is unknown or uncommon (pers. obsv.).  In the most general sense, these patterns 
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suggest that nance cultivation may have arisen independently in North and South America.  This 
would allow replicate analyses of domestication genetics within this single species.  
I chose to collect plants from four primary regions: southeastern Mexico (including the 
states of Campeche, Chiapas, Oaxaca, Tabasco, Veracruz, and Yucatán), southwestern Mexico 
(Colima, Guerrero, Jalisco, Michoacán, and Nayarit) Panama (Bocas del Toro, Coclé, Herrera, 
Los Santos, Panamá, and Veraguas), and Brazil (Pará and Tocantins).  I chose these regions to 
maximize the possibility of examining independent instances of this plant being taken into 
cultivation by people from non-cultivated populations.  Preliminary literature searches (Clement, 
1989; Cooke and Linares, 1992; Casas et al., 1996; Colunga-GarcíaMarín and Zizumbo-
Villarreal, 2004; Trabanino, 2010) suggested that historical sharing of plants between these 
regions via commerce should not be expected.  Additional samples were collected from Bolivia, 
where there are no known cultivated populations of B. crassifolia (P. Jorgensen10 and C. 
Cuevas11, pers. comm. 2009), and a diversity of fruit types is not observed (pers. obsv.).   
I collected samples from Bolivia (May 19 – June 14, 2009), southeastern Mexico (July 11 
to August 8, 2009), southwestern Mexico (August 7 to August 28, 2010), Panama (September 2 
– September 23, 2010), and Brazil (April 16 – May 5, 2011).  In each region, sites were chosen 
with guidance from locations of previous collections.  These were obtained from the online 
databases of the Missouri Botanical Garden12 (Missouri Botanical Garden, 2009), New York 
Botanical Garden13 (New York Botanical Garden, 2003) and Rio de Janeiro Botanical Garden14 
(Jardim Botanico do Rio de Janeiro, [Internet]); from local herbaria consulted on-site; and in 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
10 Dr. Peter Jorgensen, Missouri Botanical Garden. 
11 Cosmo Cuevas, resident of Virgen del Rosario, Franz Tamayo, Brazil. 
12 http://www.tropicos.org Accessed on March 20, 2009. 
13 http://sciweb.nybg.org/science2/VirtualHerbarium.asp Accessed on  March 20, 2009.   
14 http://www.jbrj.gov.br/jabot/formularios/frmfiltroespecimes_pub.php Accessed on October 5, 
2009.  
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consultation with local field assistants and residents.  In selecting sites, I looked for areas with 
high relative abundance of B. crassifolia.  Including pairs of cultivated and non-cultivated 
populations in relatively close proximity, and maximizing distances between site pairs were 
prioritized.  
Cultivated populations were defined as instances of multiple nance plants growing in a 
town or village, along streets or in gardens.  Orchards were another type of cultivated population, 
in which many nance trees were planted in close proximity, for the sale of nance fruits. Some 
cultivated populations included nance plants of named varieties, while others did not.  Efforts 
were made to sample from populations of at least 20 nance plants.  
Non-cultivated populations were defined as groups of nance plants growing without 
directed human influence.  They included populations growing in forests and savannas, but also 
in more disturbed habitats including pastures and roadsides.  While some of these populations, 
particularly in pastures, were managed with fire or impacted by cattle, nance trees in these 
populations were deemed not to have been planted, and were not selectively removed based on 
fruit or other plant qualities. 
At least one voucher specimen with duplicates was collected from each population.  In 
populations containing multiple fruit varieties, I collected up to three voucher specimens.  One 
leaf was collected from up to twenty trees per population, and dried in silica gel.  I photographed 
each sampled tree and recorded its GPS coordinates, approximate height, and reproductive state.  
Where possible, fruit variety was recorded for cultivated trees, based on personal observation or 
conversation with the plant owner.  Where possible, I collected, photographed, and measured the 
height and width of ten fruits for potential future studies. 
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Overview of all populations 
 In total, I collected 1,417 leaf samples and 131 voucher specimens.  Of these, all were 
collected from Byrsonima crassifolia plants, except for 34 leaf samples and 10 voucher 
specimens collected from other Byrsonima species.  Plants collected in Bolivia were excluded 
from several analyses, as there are no cultivated B. crassifolia populations in this region, leaving 
1,172 leaf collections and 98 vouchers of non-Bolivian B. crassifolia.  A total of 680 plants from 
47 populations were selected for the microsatellite analyses (see maps, Figure 2.1; and Table 
2.4).   
Data Collection 
Using the same methods described in the Microsatellite Development section, DNA was 
extracted from these samples with Viogene Plant Mini kits; up to 15 plants per population were 
genotyped at the eight polymorphic microsatellite markers; and allele sizes were scored and 
recorded. 
Analyses 
Basic population genetics statistics were calculated for the eight microsatellite loci using 
the full population dataset.  Analyses of deviations from HWE indicated that one locus, Bcf05, 
had a null allele (this locus deviated from HWE in 19 of the 47 populations, and was 
monomorphic in seven others).  Bcf05 was therefore eliminated from further analyses, leaving 
seven polymorphic loci for inclusion.  Subsequent analyses were conducted for the global data 
set (including all study populations from southeastern Mexico, southwestern Mexico, Panama, 
and Brazil), and by region (each region independently).  The global STRUCTURE and BAPS 
analyses, described below, also include data from Bolivia. 
Genetic Diversity 
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The genetic diversity of plant populations, represented as the average expected 
heterozygosity (He) for each population, was compared using the statistical software package 
JMP v4 (SAS Institute, 2001).  I conducted a series of comparisons of the genetic diversity of 
cultivated and non-cultivated groups of populations using Kruskal-Wallis rank sum tests.  This 
test is a non-parametric one-way analysis of variance (ANOVA).  This test was chosen because 
the data compare two categories and are not normally distributed.  I compared between 
cultivated and non-cultivated groups drawn from all populations globally; from each geographic 
region independently (southeastern Mexico, southwestern Mexico, Panama, and Brazil); and 
from all Mexican populations collectively.  In this way, I tested the prediction that genetic 
diversity is lower in cultivated than in non-cultivated populations.  
Isolation by Distance  
A pattern of isolation by distance, or an association of geographic and genetic distances 
(Wright, 1943), may be expected in natural plant populations.  Findings counter to this pattern, 
and in accordance with the null hypothesis of no geographic association of genetic patterns, may 
suggest human influence on the distribution of plant populations.  I tested whether the 
distribution of genetic diversity among B. crassifolia populations followed, or deviated from, a 
pattern of isolation by distance.  Bolivian populations were excluded from these analyses, as B. 
crassifolia is not cultivated in this region. 
I first calculated a matrix of geographic distances in kilometers between populations from 
their geographic coordinates using the software Geographic Distance Matrix Generator v1.2.3 
(Ersts, [Internet]).  I next created a matrix of pairwise Fst values for these populations using the 
online program GENEPOP (Raymond and Rousset, 1995).  Fst is a measure of the differentiation 
of allele frequencies of a subpopulation compared with the total population (Wright, 1951).  In 
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GENEPOP, Fst values are calculated with an analysis of variance weighted for the effect of 
sample size (Cockerham, 1973; Weir and Cockerham, 1984).  The probability of patterns of 
isolation by distance was tested using these matrices in Option 6 of GENEPOP, which 
implements the program ISOLDE.  This program calculates a regression of Fst to geographic 
distance, using a Mantel test (Mantel, 1967).  It then calculates the significance of the isolation 
by distance results using Spearman’s Rank correlation coefficient. 
AMOVA  
The program Arlequin (Excoffier, Laval, and Schneider, 2005) was used to conduct 
analyses of molecular variance (AMOVA), to test for the partitioning of genetic variation within 
and among populations, by region and by cultivation type.  Most generally, this test asks what 
percent of the total genetic variance of a group of sampled populations is held within 
populations, and what percent of the variance is held among populations.  The groups of 
populations that I assessed were: all cultivated populations globally; all non-cultivated 
populations globally; all Mexican populations; all cultivated populations of each region 
independently (Panama, Brazil, all of Mexico, southeastern Mexico, and southwestern Mexico); 
and all non-cultivated populations of each region independently.  These analyses enabled 
comparisons of how genetic diversity was partitioned within regions for the two cultivation 
types.  The variance for these analyses is derived from differences in He.  In Arlequin, I 
conducted standard AMOVA tests, with 1000 permutations. 
STRUCTURE  
The program STRUCTURE (Pritchard, Stephens, and Donnelly, 2000) was used to assess 
genetic structuring of plants within geographic regions and among cultivated and non-cultivated 
populations.  STRUCTURE uses Bayesian statistics to infer the genetic clustering of samples 
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using a Markov Chain Monte Carlo (MCMC) algorithm and unlinked marker data.  In 
STRUCTURE, the user runs several models using different numbers of genetic clusters as prior 
information.  The user must then evaluate which of these models best fits the data.  The choice of 
K value, or number of clusters, impacts interpretation of the data.  I estimated the optimal K 
value using the criteria suggested by Pritchard and colleagues (2000) by comparing the posterior 
probabilities of independent MCMC chains run with different fixed K values.  According to 
these criteria, the optimal K has both the maximal posterior probability, Ln P(D), and low 
variation among runs of the same K.  A global analysis, including 47 populations from all 
regions including Bolivia, was run with 100,000 burn-in replications followed by 100,000 run 
replications.  Regional analyses were run separately for Brazil (9 populations), Panama (10 
populations), and Mexico (24 populations), using 50,000 burn-in replications followed by 50,000 
run replications.  Models assuming admixture and models assuming no admixture were tested.  
Results are reported for no admixture runs only.  There was little difference in genetic clustering 
of the two model types (data not shown).   
BAPS  
Microsatellite data were also analyzed for phylogeographic structure using the Bayesian 
inference software BAPS v5 (Corander, Waldmann, and Sillanpӓӓ, 2003) (available at 
http://web.abo.fi/fak/mnf/mate/jc/software/baps.html15).  In contrast to the MCMC approach of 
STRUCTURE to inferring K, BAPS uses a stochastic optimization algorithm that considers 
multiple K values.  In addition to assigning individuals to groups based on genetic affinities, 
BAPS can take into account geographic localities as prior information.  I used the ‘spatial 
clustering of groups’ module in BAPS (Corander, Sirén, and Arjas, 2008) to include geographic 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
15 Accessed on October 1, 2012. 
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localities of sampled B. crassifolia populations as a prior.  When running a mixture analysis, the 
user must input the anticipated maximum number of clusters (Kmax).  The program permits the 
inclusion of multiple Kmax for the run.  For the global analysis, including 47 populations from all 
regions including Bolivia, I selected a Kmax range from two, reflecting the possibility that non-
cultivated and cultivated populations could each form a genetic cluster, to 25, in which clusters 
could consist of roughly two populations each (Kmax = 2, 5, 10, 15, 20, and 25, repeating each 
value three times).  For the regional analysis of Mexico (24 populations), I included Kmax of 1, 4, 
8, 10, and 15, with each value repeated three times.  Additional analysis parameters included: a 
minimum population size of five to be taken into account for the admixture estimates; 200 
iterations; 100 reference individuals for each population; and 20 iterations of reference 
individuals. 
 
RESULTS 
Genetic Diversity 
 Global: Including all populations in all regions, no significant difference was detected 
between the average expected heterozygosity (He) of non-cultivated and cultivated populations 
(He of 0.4322 vs. 0.417, p < 0.3146). 
 Regional: No significant difference was detected between non-cultivated and cultivated 
groups for Panama (He of 0.3308 vs. 0.4153), Brazil (0.4364 vs. 0.4642), or Mexico as a whole 
(0.4728 vs. 0.4453).  However, looking independently at southeastern and southwestern Mexico, 
different patterns emerge. While there is no difference between the average He of non-cultivated 
and cultivated populations in southwestern Mexico (0.4685 vs. 0.5066), He is significantly 
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greater in non-cultivated than cultivated populations in southeastern Mexico (0.4759 vs. 0.4014, 
p < 0.0298). 
Isolation by Distance 
Global: A pattern consistent with isolation by distance (IBD), rejecting the null 
hypothesis of no association of geographic and genetic distance, is observed when analyzing data 
from all populations (R2 = 0.26913, p < 0.000001), all non-cultivated populations (R2 = 0.19781, 
p < 0.000001), and all cultivated populations (R2 = 0.5393, p < 0.000001).  
Regional: Regional analyses of isolation by distance were focused on Mexican 
populations.  A pattern consistent with isolation by distance is observed across all Mexican 
populations (R2 = 0.05515, p < 0.001).  This pattern is also observed for all samples from 
southeastern Mexico (R2 = 0.03282, p < 0.051) (see Figure 2.2 for all Mexican IBD analyses).  
However, the null hypothesis of no association cannot be rejected for all samples from 
southwestern Mexico (R2 = 0.05272, p < 0.191).  Analyzing non-cultivated and cultivated 
samples independently, in southeastern Mexico the null hypothesis cannot be rejected in non-
cultivated populations (R2 = 0.05156, p < 0.224), but IBD is observed in cultivated populations 
(R2 = 0.22868, p < 0.003).  In southwestern Mexico, IBD is observed in non-cultivated 
populations (R2 = 0.76872, p < 0.003), and the null hypothesis cannot be rejected in cultivated 
populations (R2 = 0.12006, p < 0.715).  
AMOVA 
 Global: Analyses of molecular variance (AMOVA) revealed some differences in 
population substructuring.  When analyzing all populations by population type, non-cultivated 
populations show that 32.40 percent of genetic variation is partitioned among populations (df = 
21), and 67.60 percent is held within populations (df = 612).  Cultivated populations show 
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slightly less population substructure, with 26.81 percent of genetic variation partitioned among 
populations (df = 20), and 73.19 percent held within populations (df = 587). 
 Regional: AMOVA results for Panama and Brazil are found in Table 2.5.  For Panama, 
including all cultivated populations, 7.34 percent of genetic variation is partitioned among 
populations (df = 4).  Including only non-cultivated populations, 20.81 percent (df = 4) is 
partitioned among populations.  In Brazil, 6.21 percent of genetic variation is partitioned among 
cultivated populations (df = 3) and 25.41 percent is partitioned among non-cultivated populations 
(df = 4). 
Detailed AMOVA results for Mexico can be seen in Table 2.6.  Including all Mexican 
populations, 23.29 percent of genetic variation is partitioned among populations (df = 23).  This 
was lower in cultivated populations only (16.12%, df = 11), and about the same in non-cultivated 
populations (24.01%, df = 11).  Looking at southwestern Mexico alone, for cultivated 
populations, a very large percentage of genetic variation is held within populations (96.42%, df = 
145), with only 3.58 percent (df = 4) partitioned among these populations. This equates to an Fst 
of 0.03585, where a value of zero indicates complete panmixis and a value of one would indicate 
complete differentiation. For non-cultivated populations in southwestern Mexico, 64.44 percent 
is held within populations (df = 446) and 35.56 percent is distributed among populations (df = 
15), translating to an Fst of 0.3556.  For southeastern Mexico, 8.86 percent of the variation in 
cultivated plants is partitioned among populations (df = 6), and in non-cultivated populations it is 
19.71 percent (df = 5).   
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STRUCTURE 
 Charts used to determine the optimal K value for each analysis can be seen in Figure 2.3.  
STRUCTURE diagrams showing the clustering of genetic groups can be seen in Figure 2.4 
(maps in Figure 2.1 show locations of each population).   
Global: For all populations, the optimal K value for the STRUCTURE analysis was 13.  
This analysis shows that Bolivian populations (Figure 2.4a: Populations 1-4, in mauve) are 
homogeneous and distinct from populations in other regions.  Further analyses address only the 
other regions.   
Regional: For Panama, the optimal K value was three.  Populations depicted in the 
primarily blue cluster (Populations 34-36) and green cluster (Populations 29, 30, 33, and 38) are 
not differentiated by cultivation status (Figure 2.4b).  Population 37, in red, was distinct from the 
other populations.  This is an island wet forest population in the far northwest of the country.  
Geography may more strongly influence genetic structure in Panama.  Populations 34, 35, and 36 
are all located on the Azuero Peninsula, in south-central Panama.  Populations 29, 30, 33, and 38 
are in the interior of the country. 
The optimal K value for Brazil was also three, with these clusters distributed between two 
main groups and primarily differentiated by geography (Figure 2.4c).  There was no apparent 
relationship between genetic clusters and cultivation status.  The red-and-green group 
(Populations 39-44) is located in northern Brazil (Pará State), while the blue group (Populations 
45-47) is located in central Brazil (Tocantins). 
Mexican samples grouped into seven clusters (Figure 2.4d), with a break between 
southeastern Mexico (Populations 5-17) and southwestern Mexico (Populations 18-28).  Looking 
at southeastern Mexico alone, there is no association between genetic clustering and cultivation 
	  	   108	  
status.  However, looking at southwestern Mexico alone, this pattern does emerge.  In the 
STRUCTURE diagram, cultivated populations (19, 22, 23, 26, and 28) are primarily composed 
of tan bars.  Non-cultivated populations (18, 20, 21, 24, and 27) are primarily pale blue.  The 
non-cultivated Population 25 forms a third cluster.  Interestingly, Population 25 grows on 
volcanic soil at Volcán Jorullo in Michoacán.  These plants have a different common name from 
other B. crassifolia plants (“changungo”), and the fruits appear morphologically distinct from B. 
crassifolia in other parts of Mexico.  However, this population has been identified as B. 
crassifolia in herbarium voucher specimens16. 
BAPS 
 Global: The BAPS mixture analysis indicates that among all populations, thirteen 
partitions were optimal (log likelihood of 13 partitions = -9408.4922, probability = 0.9898; vs. 
14 partitions, probability = 0.0102). 
 Regional: Based on results from the STRUCTURE analysis, the regional analysis was 
focused only on Mexico.  The BAPS mixture analysis indicated that among Mexican 
populations, nine partitions were optimal (log likelihood of 9 partitions = -5171.9677, probability 
of 0.5913; vs. probabilities of 0.3090 for 10, and 0.0998 for 8).  As in the STRUCTURE 
analysis, there was a break between populations from southeastern and southwestern Mexico.  
Population 25 again formed its own genetic partition. 
 
DISCUSSION 
 In this study, I set out to test whether cultivation affects the genetic structure of plant 
populations early in the process of domestication, using B. crassifolia as a study species.  Several 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
16 For example, herbarium voucher collections by Nelson, E. W. #6938 (US); Eggler, W. A. 
#103 (MO). 
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approaches were used to quantify, compare, and describe the genetic variation of plant 
populations across the entire species range and within particular regions.  The overarching 
pattern that emerges from these analyses is one of complexity early in the domestication process.  
No one pattern holds across all analyzed regions.  Plant cultivation has impacted the genetic 
structure of populations in different ways in different regions. 
Genetic Diversity 
 Overall, the genetic diversity of both cultivated and non-cultivated B. crassifolia 
populations, measured as the average expected heterozygosity (He), is high.  This accords well 
with the expectations for a widely distributed, primarily outcrossing species that has not 
experienced an intense genetic bottleneck due to human activities.  Primarily outcrossing species 
typically maintain higher levels of genetic variation than obligate or predominant self-pollinators 
(Hamrick, Mitton, and Linhart, 1981; Loveless and Hamrick, 1984; Hamrick and Godt, 1996; 
Nybom and Bartish, 2000).  Human activities can reduce this variation via selection during 
domestication and via habitat fragmentation.  Outcrossing commercial crops such as corn exhibit 
lower genetic variation than their wild relatives (30 percent lower in corn) (Buckler, 
Thornsberry, and Kresovich, 2001).  This reduction is generally attributed to selection 
bottlenecks that reduce genetic variation and are followed by population expansion in 
cultivation.  This effect is even stronger in primarily selfing crops such as soybeans (Glycine 
max, Fabaceae) and rice (Oryza sativa) (Buckler, Thornsberry, and Kresovich, 2001; Hyten et 
al., 2006).  The mating systems of these plants magnify the pattern observed in predominantly or 
exclusively outcrossing plants.  Other human-mediated processes such as habitat fragmentation 
can more strongly reduce the genetic diversity of predominantly outcrossing plant populations 
than of plants that routinely self-pollinate (Aguilar et al., 2008).  Finding high genetic diversity 
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in both cultivated and non-cultivated B. crassifolia populations suggests that habitat 
fragmentation is not currently a strong factor impacting this species in the sampled regions. 
In general, the differences in genetic diversity observed between groups were not 
pronounced in the present study.  In the global comparison of all non-cultivated and all cultivated 
populations, the difference in expected heterozygosity was slight (0.4322 vs. 0.4170), and was 
not significant.  Southeastern Mexico was the only region in which a statistically significant 
difference was detected in levels of genetic diversity between non-cultivated and cultivated 
populations (He values of 0.4759 and 0.4014, respectively).  This is also the only region in which 
substantial phenotypic diversification of cultivated fruit types was observed, and is the region in 
which local people most distinguish among preferred varieties.  In this context, the direction of 
this difference supports my prediction that cultivation decreases the genetic diversity of plant 
populations.  Finding no support for this prediction in all other studied regions of B. crassifolia 
cultivation indicates that genetic diversity can be, and is, maintained in cultivation in many 
instances.  This may be particularly true of regions in which strong phenotypic diversification of 
edible plant parts and overt preference for one variety over another is not yet observed.  These 
results suggest that a detectable “genetic bottleneck” likely does not predate the emergence of 
phenotypic divergence. 
Isolation By Distance 
 I tested the data for patterns consistent with isolation by distance to discover whether a 
geographical association of populations best explained the distribution of genetic diversity in the 
sampled plants.  Broadly distributed natural populations may be expected to exhibit a pattern of 
isolation by distance, an increase in pairwise genetic distances with increasing geographic 
separation of plants.  This pattern, initially explored by Wright (1943), can result when gene flow 
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between mating pairs is geographically restricted, leading to genetic structure in what otherwise 
would be a panmictic population.  Deviations from this pattern can indicate additional influences 
on plant population structure.  For example, a recent study of population structure in Arabidopsis 
thaliana (Platt et al., 2010) demonstrated that A. thaliana populations in its native Eurasian range 
showed a continuous pattern of isolation by distance.  However, populations in its introduced 
range in North America deviated from this pattern on a broad scale, but did show isolation by 
distance on smaller scales.  These results suggest that human-assisted plant movement can alter 
population structure.  And yet Pusadee and colleagues (2009) found a pattern of isolation by 
distance within a rice landrace in Thailand despite its long history of cultivation and its 
phenotypic characteristics associated with domestication.  They attribute this unusual finding to 
the effect of seed exchange networks among local farmers, which leads to patterns of genetic 
structure similar to those associated with natural plant dispersal.  These results indicate that, 
given sufficient genetic diversity, local agricultural practices can buffer cultivated populations 
from the disruptive forces of commercial crop management. 
 The global and regional analyses of B. crassifolia data indicate that, in most cases, these 
populations are structured in a pattern consistent with isolation by distance.  The only regions 
that break from this pattern are in Mexico.  In southwestern Mexico, no association of genetic 
and geographic distances is seen when examining all populations collectively or cultivated 
populations alone.  In southwestern Mexico, non-cultivated populations do exhibit a pattern 
consistent with isolation by distance.  In southeastern Mexico, isolation by distance is not 
detected among non-cultivated populations, but it is observed in cultivated populations.  It is 
possible that differences in the management practices and cultivation histories of cultivated 
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populations, and historical human impacts on non-cultivated populations unrelated to B. 
crassifolia cultivation may have contributed to the formation of these patterns. 
 Interestingly, in cultivated populations of southwestern Mexico, pairwise Fst values are 
consistently very low, even between populations separated by nearly 500 kilometers.  In contrast, 
in non-cultivated populations a tightly correlated linear increase in pairwise Fst values with 
geographic distance is seen (R2 = 0.76872), ranging from near zero differentiation to values 
between 0.35 and 0.45 across 500 kilometers.  This suggests that farmers routinely share 
cultivated seeds or seedlings in the region, and that all or most of the cultivated populations may 
be sourced from the same region.  Even in southeastern Mexico, pairwise Fst values among 
cultivated populations are lower than those found among non-cultivated populations.  The 
pattern of isolation by distance in cultivated populations of southeastern Mexico may indicate 
that long-established regional networks of seed sharing, as in the case of the Thai rice landrace, 
may mimic natural processes of seed dispersal.  In contrast, a more recently developed pattern of 
sourcing plants in southwestern Mexico from a single, as yet unidentified, region may have 
precluded the development of such a pattern. 
AMOVA 
Measures of average expected heterozygosity enabled me to determine how much genetic 
variation all cultivated and non-cultivated populations held.  Analyses of molecular variance 
enabled me to determine how that genetic variation was partitioned within and among 
populations of these two population types.  AMOVA permitted testing of whether cultivated 
populations shared more genetic diversity in common with each other than non-cultivated 
populations shared with each other.  I expected that cultivated populations would have become 
more genetically uniform across populations than their non-cultivated populations of origin.  If 
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this were the case, less molecular variance would be partitioned among populations (as opposed 
to within populations) in cultivated than in non-cultivated populations. 
As predicted, for cultivated plants in Mexico, the great majority of genetic diversity was 
held within, rather than among, populations.  This indicates low genetic differentiation among 
cultivated populations.  Partitioning of genetic variation was stronger in non-cultivated 
populations.  More genetic variation was distributed among populations in this group than in 
cultivated populations.  The most dramatic results were found in cultivated populations of 
southwestern Mexico, where more than 96 percent of genetic variation was held within 
populations.  This suggests that cultivated populations are not distinct from one another.  In 
contrast, only 65 percent of genetic variation was held within non-cultivated populations of 
southwestern Mexico.  The difference between these two values shows that cultivated 
populations in southwestern Mexico are much more genetically uniform than are non-cultivated 
populations.  These results are similar to observations in southeastern Mexico, where 91 percent 
of genetic variation was found within (as opposed to among) cultivated populations, while 80 
percent was found within non-cultivated populations.  
These results complement the findings of Papa and Gepts (2003) in a study of the 
domesticated common bean, Phaseolus vulgaris (Fabacae).  They used amplified fragment 
length polymorphism (AFLP) markers to show less genetic variation partitioned among (as 
opposed to within) domesticated populations (41.5%) as compared with wild populations 
(55.9%).  They infer limited geographical structure and much less differentiation among 
populations and regions in domesticated beans.  They attribute this situation to seed exchange 
among farmers and homogeneous selection in different environments.  In contrast, Miller and 
Schaal (2006) found that the proportion of genetic variation partitioned among cultivated 
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populations increased relative to non-cultivated populations.  They attribute this trend to the 
impact of asexual propagation of cultivated Spondias purpurea.  There is little opportunity for 
genetic exchange in cultivated populations following their founding, whereas sexually 
reproducing non-cultivated populations of these plants maintain greater genetic uniformity via 
outcrossing. 
Despite the lack of statistical differences between levels of genetic diversity in non-
cultivated and cultivated Byrsonima crassifolia populations in other regions, the AMOVA in the 
present study reveal the same pattern of greater among-population diversity in non-cultivated 
than in cultivated populations in all sampled geographic regions.  These findings support the 
inference that farmers commonly exchange cultivated seeds and plants, as suggested in a study 
of semi-wild and domesticated chiles (Capsicum annuum) in Mexico (Aguilar-Meléndez et al., 
2009) and in other studies (Papa and Gepts, 2004; Pressoir and Berthaud, 2004; Zizumbo-
Villarreal et al., 2005; Pusadee et al., 2009).   
STRUCTURE vs. BAPS 
 I conducted analyses using the computer programs STRUCTURE and BAPS, which both 
use Bayesian inference to assign samples to genetic clusters, to gain a more nuanced view of the 
partitioning of genetic variation in the study populations.  Many studies have used such Bayesian 
approaches to complement analyses of the structuring of genetic diversity in plant populations, 
including populations of the common bean (Phaseolus vulgaris L.) (Blair et al., 2009), native 
populations of Arabidopsis thaliana (Beck, Schmuths, and Schaal, 2008), and native populations 
of semi-wild and domesticated chiles (Capsicum annuum) (Aguilar-Meléndez et al., 2009).  I 
used these programs to test my prediction that cultivated and non-cultivated populations have 
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diverged genetically.  More specifically, they were used to determine whether cultivated and 
non-cultivated populations separate into distinct genetic clusters. 
A strong genetic sampling effect associated with the domestication process may result in 
cultivated populations that have fewer different alleles than non-cultivated populations have.  If 
this were the case, non-cultivated populations containing alleles that are not present in the 
cultivated populations may be observed to cluster together, and cultivated populations without 
these alleles may form separate clusters.  This pattern would be simplest to observe in a 
geographic region with a shared history of cultivation.  This signal may be obscured if regions 
with different histories of cultivation were pooled for the analysis. 
Global 
The congruence in the number of clusters identified by both STRUCTURE and BAPS 
(13 for both analyses) lends confidence to this finding.  This congruence of results exists despite 
the fact that the BAPS analysis made use of the geographic localities of the populations as a prior 
and STRUCTURE did not.  Individual genetic clusters did not span more than one of the four 
geographic regions defined for this study, with one possible partial exception (Population 27, 
discussed below).  This supports my prediction that cultivated populations arose independently 
in different regions.  This pattern does not support the possibility that plants were taken into 
cultivation in one region, and were then spread to the other regions by people. 
Regional 
 In general, the regional analyses indicated that cluster assignment was more strongly 
linked with geographic location than with cultivation status.  This is particularly clear in Brazil, 
where three non-cultivated populations from central Brazil (Populations 45 - 47) cluster together 
in both analyses, while all populations from northern Brazil (Populations 39-46), including both 
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cultivated and non-cultivated populations, form a separate cluster in both analyses.  A similar 
pattern is observed in Panama.  In these regions, I find no evidence that the cultivation process 
has caused significant genetic divergence between populations of the two cultivation types. 
Within Mexico, STRUCTURE identified seven clusters, while BAPS found that nine 
partitions were optimal.  The discrepancy arises from the treatment of two non-cultivated 
populations from southwestern Mexico (Populations 20 and 27).  STRUCTURE groups 
Population 20 with other non-cultivated populations of southwestern Mexico (Populations 18, 
21, and 24).  It shows Population 27 as sharing some genetic similarities with this group, and 
some with non-cultivated populations of southeastern Mexico (Populations 12 and 13).  In 
contrast, BAPS places Populations 20 and 27 into independent genetic clusters.   
A simulation study by Latch and colleagues (2006) emphasized that both BAPS and 
STRUCTURE perform very well, even at low levels of population differentiation.  However, 
when differentiation is extremely low, on the order of Fst of 0.03 and below, these programs may 
begin to incorrectly assign the correct number of clusters to the data.  It is possible that 
Populations 20 and 27 are weakly differentiated from the other populations, leading BAPS and 
STRUCTURE to diverge in their cluster assignments for this population.  
In southwestern Mexico, both STRUCTURE and BAPS essentially divide the 
populations into two groups based on cultivation status.  These results support my prediction that 
cultivated populations are genetically distinct from non-cultivated populations.  Despite the 
absence of a statistical difference in levels of genetic variability between the two population 
types, differences in genetic structure were detected.  Populations 18 and 19 demonstrate a 
particularly clear example of this divide.  They were collected from cultivated and non-cultivated 
localities within the same municipality, and yet they fall into separate genetic clusters in 
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accordance with their cultivation type.  If we expected that a sampling effect of cultivation 
caused the differences in genetic clustering between the two groups, we would expect this to be 
accompanied by lower measures of genetic diversity in cultivated populations.  This combination 
of results suggests that cultivated populations in southwestern Mexico do not originate from 
local non-cultivated populations. 
 Results from southeastern Mexico show the opposite pattern.  Whereas B. crassifolia 
populations do not cluster by cultivation type, we do see reduced levels of genetic variation in 
cultivated populations.  This pattern is consistent with cultivated populations that have been 
drawn from local non-cultivated populations.  A sampling effect of cultivation is noted to a 
certain extent as a statistically significant reduction in genetic variation in cultivated populations.  
However, this effect is not so strong that Bayesian inference assigns these two population types 
to different genetic clusters.  This combination of results supports a pattern of early divergence 
between the two population types, mediated by cultivation. 
Overall 
 Findings from southeastern and southwestern Mexico, combined with no significant 
deviations from the null hypotheses in Panama and Brazil, illustrate the complexity of the early 
domestication process.  Comparisons between southeastern and southwestern Mexico 
particularly emphasize and how this process may be changing with an increasingly connected 
world, where commerce can easily transport favored plants across large geographic distances.  
Southeastern Mexico is undoubtedly the sampled region that shows the most phenotypic 
diversity of cultivated fruits, the greatest number of named varieties of cultivated fruits, and the 
strongest evidence of historic cultivation of Byrsonima crassifolia.  Cultivation is common in 
home gardens in many towns and villages.  Southwestern Mexico does not show the same 
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phenotypic diversity or abundance of named varieties, and historic records of nance cultivation 
are not as extensive or as old.  However, orchards growing nance for sale at regional markets and 
for export are most prevalent in this region, compared with the other sampled regions (pers. 
obsv.17).  Areas of Nayarit, in southwestern Mexico, are known for their nance production.  
Selling fruits in quantity may require a uniformity of fruit appearance and flavor that favor the 
status quo rather than promoting selection for distinct lines.  Such differences in cultivation 
history and practice may influence populations of cultivated plants in different ways. 
In regions beyond Mexico, Panama and Brazil illustrate another side of plant cultivation: 
one of the preservation of genetic diversity even within human-influenced landscapes.  No 
differences in levels of genetic diversity were found between cultivated and non-cultivated 
populations in the regions I sampled in Panama and in Brazil.  Cultivated and non-cultivated 
populations were found to be indistinguishable via Bayesian inference.  These findings suggest 
that in these regions, regardless of whether they were planted by people or arrived without 
intentional planting, cultivated B. crassifolia originate from local populations and maintain the 
same levels of genetic diversity as in native populations.  By bringing B. crassifolia plants into 
their gardens and their communities, local people act as stewards of native genetic diversity.  
These populations may buffer against the effects of human habitat disturbance in non-cultivated 
settings such as savannas, forests, and even pastures. 
 
 
 
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
17 Direct observations and those derived from conversations with local nance cultivators during 
field research.  
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Figure 2.1 Maps of Byrsonima crassifolia populations used in microsatellite study: (a) all 
populations in all regions; (b) Panama; (c) Mexico.  Cultivated populations are depicted in blue.  
Non-cultivated populations are depicted in red.  Note that in some instances, blue markers for 
cultivated populations obscure red markers for non-cultivated populations.
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Figure 2.2 Plots of genetic distance (pairwise Fst) vs. geographic distance (km) used to assess 
patterns of isolation by distance: (a) southeastern Mexico: All Plants (R2 = 0.03282, p < 0.051), 
(b) southeastern Mexico: Non-Cultivated (R2 = 0.05156, p < 0.224), (c) southeastern Mexico: 
Cultivated (R2 = 0.22868, p < 0.003), (d) southwestern Mexico: All Plants (R2 = 0.05272, p < 
0.191), (e) southwestern Mexico: Non-Cultivated (R2 = 0.76872, p < 0.003), (f) southwestern 
Mexico: Cultivated (R2 = 0.12006, p < 0.715).  Isolation by distance is observed in (a), (c), and 
(e). No association between genetic and geographic distance is observed in (b), (d), and (f).
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Figure 2.3 Ln P(D) versus K plots for determining the optimal number of clusters in the 
STRUCTURE analyses, according to the method suggested in Pritchard, Stephens and Donnelly 
(2000).  Applying this method, the optimal K value has both the maximum posterior probability, 
Ln P(D), and low variation among runs of the same K.  For (a) All Regions, this value is K = 13; 
(b) Panama, K = 3; (c) Brazil, K = 3; and (d) Mexico, K = 7.  All values were generated in 
STRUCTURE simulations, using the no admixture model.  A 100,000 run burn-in and 100,000 
testing replicates were used for All Regions, and a 50,000 run burn-in and 50,000 testing 
replicates were used for regions separately. 
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Figure 2.4 STRUCTURE diagrams.  Each vertical bar represents one individual.  Populations 
are numbered below each group of individuals.  Different colors represent membership in an 
assigned genetic cluster.  For (a) All Regions (in two rows), the assigned number of clusters is K 
= 13; (b) Panama, K = 3; (c) Brazil, K = 3; and (d) Mexico, K = 7.  Population details can be 
found in Table 2.4, and maps of populations can be seen in Figure 2.1.  No admixture genetic 
clustering analysis of All Regions used 100,000 burn-in followed by 100,000 testing iterations; 
analyses of individual regions used 50,000 burn-in and 50,000 testing iterations.  Geography best 
explains genetic clustering in Panama, Brazil, and southeastern Mexico (subfigure (d): 
Populations 5-17).  Cultivation status best explains genetic clustering in southwestern Mexico 
(subfigure (d): Populations 18-28; pale blue bars = non-cultivated; tan bars = cultivated). 
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Table 2.2 Characteristics of the 10 focal microsatellite loci developed for Byrsonima crassifolia.  
For each primer pair, forward (F) and reverse (R) sequence, repeat type, size range, fluorescent 
dye label, and GenBank accession number are shown.  All loci were amplified with the same 
touchdown protocol with an initial annealing temperature of 60°C and final annealing 
temperature of 50°C.  All values are based on 60 samples drawn from four populations located in 
Bolivia, Brazil, Mexico, and Panama.  Note that Bcf09 and Bcf10 are monomorphic for the 
screened samples.  Also note the addition of the sequence GTTTCTT to the 5’ end of each 
reverse primer to promote complete adenylation and reduce microsatellite stutter as in 
Brownstein (1996).  This table was originally published as Table 1 in Croft and Schaal (2012). 
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Table 2.5 AMOVA results for B. crassifolia populations in Panama and Brazil, by cultivation 
class and by region.  Note the lower levels of population differentiation among cultivated 
populations (7.34% in Panama; 6.21% in Brazil) than among non-cultivated populations (20.81% 
in Panama; 25.41% in Brazil).  
 Source of   % of Fixation 
 variation       df  variation index 
Panama: Cultivated Only 
 Among 
   populations      4 7.34 0.0734 
   Within 
   populations     145 92.66 
Panama: Non-Cultivated Only 
 Among 
   populations      4 20.81 0.2081 
   Within 
   populations     137 79.19 
Brazil: Cultivated Only 
   Among 
   populations  3 6.21 0.0621 
   Within 
   populations     94 93.79  
Brazil: Non-Cultivated Only 
   Among 
   populations      4 25.41 0.2541 
   Within 
   populations 135 74.59 
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Table 2.6 AMOVA results for B. crassifolia populations in Mexico, by cultivation class and by 
region.  Note the moderate population differentiation among all Mexican populations (23.29% of 
variation partitioned among populations), and slightly lower differentiation among cultivated 
populations alone (16.12%).  In southwestern Mexico, population differentiation is dramatically 
lower among cultivated populations (3.58%) than among non-cultivated populations (35.56%).  
This pattern is seen to a lesser extent in southeastern Mexico (8.86% vs. 19.71%).  
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 Source of   % of Fixation 
 variation       df  variation index 
All Mexico 
 Among 
   populations      23  23.29 0.23291 
   Within 
   populations     688  76.71 
All Mexico: Cultivated Only 
 Among 
   populations      11  16.12 0.16122  
   Within 
   populations     348  83.88 
All Mexico: Non-Cultivated Only 
 Among 
   populations      11  24.01 0.24008 
   Within 
   populations     340  75.99 
Southwestern Mexico: Cultivated Only 
   Among 
   populations       4  3.58 0.03585 
   Within 
   populations     145      96.42 
Southwestern Mexico: Non-Cultivated Only 
   Among 
   populations      15  35.56 0.35559 
   Within 
   populations     446      64.44  
Southeastern Mexico: Cultivated Only 
  Among 
  populations       6  8.86 0.08863 
   Within 
   populations     203  91.14 
Southeastern Mexico: Non-Cultivated Only 
 Among 
   populations       5  19.71 0.19710 
   Within 
   populations     166  80.29  
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CHAPTER 3 
 
GENETIC CHANGE DURING EARLY DOMESTICATION IN A PHYLOGEOGRAPHIC 
CONTEXT: ANALYSES OF CULTIVATED AND NON-CULTIVATED BYRSONIMA CRASSIFOLIA 
TREES USING DNA SEQUENCE DATA
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INTRODUCTION 
The domestication of plants and animals by people is a relatively recent phenomenon.  
Archaeological evidence indicates that loose associations between people and plants and 
animals, including evidence of the storage and processing of foods, began as early as 40,000 
years ago (Hardy et al., 2001).  And yet, the domestication of many global staple crops occurred 
later, during the transition from the Pleistocene to the Holocene between 13,000 and 10,000 
years ago (Diamond, 2002; Doebley, Gaut, and Smith, 2006).  It is increasingly apparent that 
domestication is not simply a process that began and ended during a narrow window of time in a 
limited geographical region (Brown et al., 2009).  It is a complex process of change that 
occurred, and continues to occur, during the recent history of human populations around the 
world (Clement, 1999).  Many plants began their association with people after the initial onset of 
agriculture, and the process of domestication continues into the present day. 
The domestication process may begin with casual use of native plant resources by local 
people, leading to “in situ” plant management practices such as gathering, tolerating and 
encouraging plants to grow where they occur (Casas et al., 1996; Casas et al., 2007).  Particularly 
when people bring seeds or fruits from native plant populations into towns and villages for 
consumption, the germination of discarded or unused seeds may begin to alter the distribution of 
the plant in geographic space.  Promoting or selectively cutting these plants and their 
descendants initiates “ex situ” plant management (Casas et al., 1996; Casas et al., 2007).  Even in 
the absence of the intense artificial selection typically associated with domestication, these 
processes may alter the genetic structure of plant populations in their native environments and in 
new populations established in human settlements (Darlington, 1956; Heiser, 1988; Zohary, 
2004). 
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Genetic studies can reveal important insights into how and when people altered the 
structure of plant populations via processes of cultivation and domestication.  For such studies, 
molecular markers must be carefully selected to ensure that they capture levels of genetic 
variation appropriate for following the effects of selection, drift, and other relevant forces.  It is 
thus important to consider the rate at which genetic diversity is generated when studying 
population-level processes using molecular tools.  Whereas microsatellite markers are expected 
to mutate rapidly, on the order of 10-6 to 10-2 mutations per generation (Schlötterer, 2000), non-
coding regions of the nuclear and chloroplast genomes mutate more slowly (Sunnucks, 2000), 
with the nuclear genome evolving on average at about twice the rate of the chloroplast genome 
(Wolfe, Li, and Sharp, 1987).   
Despite the relatively recent timeframe of domestication, several studies have effectively 
used analyses of non-coding sequence data to better understand how the domestication process 
has changed plant populations (Olsen and Schaal, 1999; Hyten et al., 2006; Miller and Schaal, 
2006; Chacón et al., 2007).  These data permit the comparison of patterns of genetic diversity in 
domesticates and their wild relatives.  As exemplified by these studies, researchers cannot simply 
look at the distribution of genetic variation in domesticated plant populations to adequately 
understand processes of domestication.  They must also understand how genetic variation is 
distributed among plant populations that have not been domesticated.  Such inquiries are within 
the domain of phylogeography: the study of the relationship between the genealogical 
relationship among haplotypes and geographic distribution of a species (Avise et al., 1987; 
Avise, 1989).  DNA sequence data permit the use of phylogeographic techniques.   
Non-coding nucleotide sequences are better equipped than microsatellite markers to 
explore long-term processes that reach far back into the history of a species.  These data can be 
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used to investigate past intraspecific demographic changes that have shaped the current 
distributions of genetic diversity.  Through combining DNA sequence data and geographic 
information, researchers can begin to understand how species arrived at their current 
distributions and what past events may have influenced their development.  For example, Dick 
and colleagues (2004) used mitochondrial DNA sequences to infer long-distance dispersal across 
the Andes in a group of euglossine bees.  In another study, Dick and colleagues (2007) used 
nuclear and chloroplast DNA sequences to infer extreme long-distance dispersal of Ceiba 
pentandra from South America into Africa.  Historical intraspecific processes that DNA 
sequence data may be useful in detecting include range expansion, vicariance, admixture, or 
long-distance dispersal.   
Phylogeographic studies in animals typically make use of mitochondrial DNA (mtDNA) 
to infer past events (Avise et al., 1987).  However, the utility of this genome for phylogeographic 
analysis in plants is limited due to differences in the mode of inheritance and rate of mutation 
between plants and animals (Avise, 2009).  Whereas mitochondria are inherited exclusively 
maternally in animals, and predominantly maternally in plants, in some plant lineages mtDNA is 
inherited biparentally or paternally (as in gymnosperms).  Mutations accumulate much more 
slowly in plant mtDNA than in animal mtDNA, among other issues, limiting its utility in 
intraspecific studies.  Plant nuclear DNA and to a lesser extent, chloroplast DNA, have proven 
useful in investigating older processes in the history of a species. 
The combination of DNA sequence data and broad geographic sampling of cultivated and 
non-cultivated plant populations thus permits the simultaneous exploration of more recent 
genetic processes of domestication and older phylogeographic processes within a species.  In 
tandem with questions about its history of domestication, basic phylogeographic questions 
	  	   152	  
regarding the origin and distribution of the focal species of this study, Byrsonima crassifolia (L.) 
Kunth (Malpighiaceae), have yet to be addressed.   
Byrsonima crassifolia, commonly known as “nance” is a predominantly outcrossing fruit 
tree native to dry forests and savannas throughout much of Mexico, the Caribbean, Central 
America and South America (Correa, 2003).  Many cultivated populations throughout this range 
exhibit characteristics of incipient or semi-domestication (Casas et al., 1996; Clement, 1999; 
Colunga-GarcíaMarín and Zizumbo-Villarreal, 2004; Medina-Torres, Salazar-Garcia, and 
Gomez-Aguilar, 2004; Miller and Nair, 2006).  People use nance for a variety of purposes (Love 
and Spaner, 2005), and yet it is primarily cultivated for its fruits (Correa, 2003).  Nance trees 
produce fruits from 2-3 years old to about 20 years old18. 
The genus Byrsonima is among the largest of the genera in the Malpighiaceae.  It is 
estimated to consist of more than of more than 150 species (Anderson, 1981), about 135 of 
which have been described (Anderson, Anderson, and Davis, 2006 onward).  It is an exclusively 
American genus, distributed from Mexico, Southern Florida, and the Caribbean southwards to 
southeastern Brazil.  Most Byrsonima species inhabit South America (Anderson, Anderson, and 
Davis, 2006 onward).  Few of them have been studied with molecular markers, and yet B. 
crassifolia has represented the genus in several genetic studies of the family (Davis et al., 2004; 
Davis and Anderson, 2010; Zhang, Kramer, and Davis, 2010, 2012).  The closest relatives of B. 
crassifolia have not yet been determined.  Candidate species may include other yellow-flowered 
members of the genus, such as B. variabilis, B. viminifolia, B. linearifolia, or B. dealbata (W. 
Anderson, pers. comm. 2010). 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
18 Based on conversations with local farmers in all regions. 
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In this chapter, DNA sequence data at the nuclear locus, G3PDH, and the chloroplast 
locus, rps16-trnK, were used to investigate how two factors have influenced the distribution of 
genetic variation of Byrsonima crassifolia: processes of cultivation and domestication, and 
geography.  These data were also used to begin to test the monophyly of this species.  Results of 
these analyses were compared with those of the microsatellite analyses presented in Chapter 2. 
In this study, I used DNA sequence data to test the domestication hypotheses that: 
1. Cultivated and non-cultivated populations diverge genetically.  
1a. Cultivated genetic diversity is a subset of non-cultivated genetic diversity. 
2. Cultivated populations arose independently in different parts of the range. 
2a. Mexico, Brazil, and Panama each show similar genetic relationships between wild 
and cultivated populations. 
 I tested the phylogeographic hypothesis that: 
3. Byrsonima crassifolia originated in South America, later expanding to its current range. 
 
MATERIALS AND METHODS 
Samples and Loci 
Non-cultivated and cultivated Byrsonima crassifolia samples were collected in 
southeastern Mexico (including the states of Campeche, Chiapas, Oaxaca, Tabasco, Veracruz, 
and Yucatán), southwestern Mexico (Colima, Guerrero, Jalisco, Michoacán, and Nayarit), 
Panama (Bocas del Toro, Coclé, Herrera, Los Santos, Panamá, and Veraguas), northern Brazil 
(Pará), and central Brazil (Tocantins).  Non-cultivated plants were defined as growing without 
directed human influence.  They included plants growing in forests and savannas, but also in 
more disturbed habitats including roadsides and pastures.  While some plants, particularly those 
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growing in pastures, were managed with fire or impacted by cattle, it was deemed that they had 
not been planted, and had not been selectively removed based on fruit or other plant qualities.  
Cultivated plants were defined as growing in towns or villages, in private gardens or along 
streets; or in orchards, where many nance trees were planted together for the sale of fruits.  Some 
cultivated plants belonged to named varieties of nance, based on distinct color, shape, and flavor 
of fruits, while others did not.  One cultivated population collected from the campus of the 
Universidad Autónoma de Nayarit was considered experimental, in that several varieties were 
intentionally planted together for agronomic research.  Three additional Byrsonima species were 
collected for use as outgroups: B. basiloba, B. variabilis, and B. verbascifolia.   
Two leaves were collected from each plant and dried in silica gel for DNA extraction.  
All plants were photographed, and their geographic coordinates were recorded using a Garmin 
76CSX handheld GPS unit (Garmin, Olathe, Kansas, USA).  Additional data, including 
approximate plant height, reproductive status, fruit type if known, common name, habitat type, 
and associated species were also recorded for use in other studies.  Voucher specimens were 
collected from some plants and submitted to the Missouri Botanical Garden (MO) and local 
herbaria.   
A total of 155 B. crassifolia samples from all regions, and the three congeners were 
selected for sequencing (see map, Figure 3.1; and Table 3.1 for additional details).  For these 
samples, total genomic DNA was extracted from dried leaf material using the DNeasy Plant Mini 
Kit (Viogene, New Taipei City, Taiwan), and eluted in 80 µl of dH2O. 
 Several genetic regions were tested for amplification and polymorphism in B. crassifolia 
(Table 3.2).  The single-copy nuclear gene, G3PDH, which was used successfully to study 
phylogeographic patterns in wild and domesticated cassava (Manihot esculenta) (Olsen and 
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Schaal, 1999), was tested for utility in B. crassifolia.  Several non-coding chloroplast loci were 
tested, including psaI-accD, 3ʹtrnV-ndhC, ndhF-rpl32, trnQ-5ʹ-rps16, trnH-psbA, trnS-trnG, 
psbD-trnT, rpl32-trnL, psbB-psbH, and 3ʹrps16x2-5ʹtrnK.  Primer sequences for trnS-trnG and 
trnH-psbA can be found in Hamilton (1999).  Sequences for the remaining primers can be found 
in two papers by Shaw and colleagues (Shaw et al., 2005; Shaw et al., 2007).  The 2005 paper 
adapted and evaluated previously identified chloroplast primers for phylogeographic studies at 
low taxonomic levels.  The 2007 paper developed new universal primer regions based on 
comparisons of previously published whole genome sequences (Atropa vs. Nicotiana (Asterids); 
Lotus vs. Medicago (Rosids); and Saccharum vs. Oryza (Monocots)). The majority of the 
chloroplast loci either amplified poorly or showed little sequence variation.  The nuclear locus, 
G3PDH, and the chloroplast locus, rps16x2-trnK, were selected for further sequencing. 
Nuclear locus 
 To assess variation in the nuclear genome, a ~400 bp portion of the single-copy nuclear 
gene, Glyceraldehyde 3-phosphate dehydrogenase (G3PDH), was amplified using the primers 
GPDX7F (5ʹ-GAT AGA TTT GGA ATT GTT GAG G-3ʹ) and GPDX9R (5ʹ-AAG CAA TTC 
CAG CCT TGG-3ʹ) (Strand, Leebens-Mack, and Milligan, 1997).  These primers were designed 
from conserved regions of published G3PDH sequences from Arabidopsis thaliana and 
Ranunculus acris (noted in Olsen and Schaal, 1999).  The G3PDH locus was amplified in a 20 µl 
reaction with the following conditions: 2 ng DNA, 1x GoTaq Flexi Buffer (Promega, Madison, 
Wisconsin, USA), 0.2 mM dNTPs, 0.2 mM forward primer, 0.2 mM reverse primer, 2.5 mM 
MgCl2, and 0.5 units GoTaq Flexi polymerase (Promega).  Amplification occurred in GeneAmp 
9700 thermocyclers (Applied Biosystems, Carlsbad, California, USA) with a touchdown PCR 
program (Don et al., 1991) as follows: an initial denaturing step of 94°C for 2 min, followed by 
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35 cycles of 94°C for 30 s, initial annealing temperature of 60°C (decreasing by 0.5°C per cycle) 
for 1 min, and extension at 72°C for 2 min. 
Chloroplast locus 
 To assess chloroplast DNA sequence variation, a ~600 bp portion of the 3’rps16-
5’trnK(UUU) intergenic spacer was amplified using the primers rps16x2F2 (5ʹ-AAA GTG GGT 
TTT TAT GAT CC-3ʹ) and trnK(UUU)x1 (5ʹ-TTA AAA GCC GAG TAC TCT ACC-3ʹ) (Shaw et 
al., 2007).  This region is located in the long single copy (LSC) region of the chloroplast 
genome.  The rps16-trnK locus was amplified in 20 µl reactions with the following conditions: 4 
ng DNA, 1x GoTaq Flexi Buffer (Promega, Madison, Wisconsin, USA), 0.2 mM dNTPs, 0.2 
mM forward primer, 0.2 mM reverse primer, 2.5 mM MgCl2, and 0.5 units GoTaq Flexi 
polymerase.  Amplification of this locus occurred with a combination touchdown PCR program 
(Don et al., 1991) as follows: an initial denaturing step of 94°C for 2 min, followed by 9 cycles 
of 94°C for 30 s, initial annealing temperature of 63°C (decreasing by 0.5°C per cycle) for 30 s, 
and extension at 72°C for 1 min; then 22 cycles of 94°C for 30 s, 59°C for 30 sec, and 72°C for 1 
min. 
PCR products were visualized under ultraviolet light in agarose gels stained with 
ethidium bromide.  Some rps16-trnK PCR products presented double bands.  These products 
required gel band extraction before sequencing.  I used a sterile razor blade to excise the larger, 
brighter band produced in each reaction from 1.5% (w/v) agarose gel. The DNA from excised 
bands was purified using Gel/PCR DNA Fragment Extraction Kits (Viogene) following the 
manufacturer’s protocol. 
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PCR product cleanup and sequencing 
Nuclear and chloroplast PCR products that produced single product bands and did not 
require gel band extraction were purified using the following Exo-Sap reaction: 15 µl of PCR 
product, 1.5 U Exonuclease I (Fermentas, Glen Burnie, Maryland, USA), and 1 U Shrimp 
Alkaline Phosphatase (Fermentas).  Cycling conditions were: 37ºC for 30 min followed by 80ºC 
for 10 min. 
 All templates were sequenced in both directions by cycle sequencing with BigDye 
Terminator v1.1 (Applied Biosystems), modifying the manufacturer’s protocol for 12 µl 
reactions.  Sequencing products were cleaned with Sephadex gel (GE Healthcare, Piscataway, 
NJ, USA) before visualizing on an Applied Biosystems 3130xl Genetic Analyzer.  Sequences 
were edited and aligned using the programs BioLign v2.0.9 (Tom Hall, North Carolina State 
University, Raleigh, North Carolina, USA) and Sequencher v4.8 (GeneCodes, Ann Arbor, 
Michigan, USA).  Sequences were collapsed to unique haplotypes using Collapse v1.2 (Posada, 
2011). 
In total, 147 B. crassifolia, one B. basiloba, and one B. variabilis sample were sequenced 
at the G3PDH locus.  Ninety-six B. crassifolia, one B. basiloba, and one B. verbascifolia 
samples were sequenced at the rps16-trnK region. 
Analyses 
Phylogenetics 
 To test the monophyly of B. crassifolia, phylogenetic trees for both nuclear and chloroplast 
loci were constructed independently using the program PAUP* v4.0b (Swofford, 2003).  The 
primary purpose of this software is to infer phylogenetic relationships among taxa using discrete 
character data, such as genetic sequences.  Its analyses are based on the maximum parsimony 
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principle, in which the fewest number of mutational steps that can explain the data are selected 
for phylogenetic tree construction.  Unrooted maximum parsimony trees were created using a 
heuristic search, setting 10,000 as the maximum number of trees considered.  Byrsonima 
basiloba was used as an outgroup for both loci, and B. verbascifolia was included as an 
additional outgroup for the chloroplast tree.  For both the nuclear and chloroplast markers, the 
final tree was bootstrapped with 100 replications using the heuristic method. 
 In the PAUP* implementation, the heuristic search begins with an initial tree of three taxa, 
and adds the remaining taxa to the tree in stepwise fashion, always selecting the arrangement 
including the most recently added taxon that results in the fewest number of character state 
changes.  This is followed by branch swapping, in which a series of pre-determined tree 
rearrangements are tested on the tree resulting from the previous step.  Arrangements with fewer 
numbers of steps are held.  
 Haplotype networks were constructed independently for nuclear and chloroplast loci 
using TCS v2.1 (Clement, Posada, and Crandall, 2000).  This program implements the 
parsimony-based network construction method of Templeton, Crandall, and Sing (1992).  
Byrsonima basiloba was used as an outgroup for both loci. 
Domestication genetics 
 To test the hypothesis that cultivated and non-cultivated populations diverge genetically 
and that cultivated diversity is a subset of non-cultivated diversity, the number and distribution 
of haplotypes were analyzed by cultivation class.  Samples from Bolivia were excluded from 
these analyses, as there are no cultivated populations in that region.  These data were particularly 
examined for haplotypes present in only one cultivation class or the other.  The presence of some 
haplotypes in non-cultivated populations only would either support my hypothesis that cultivated 
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genetic diversity is a subset of non-cultivated genetic diversity or suggest insufficient sampling 
of cultivated populations.  The presence of some haplotypes in cultivated populations only may 
suggest either incomplete sampling of actual genetic diversity or a loss of genetic diversity in 
non-cultivated population due influences such as habitat loss.  I also looked for haplotypes 
restricted to particular geographic regions.  Geographic patterns may inform our understanding 
of the influence of plant cultivation in different regions. 
Phylogeography 
Geographic Distribution of Haplotypes 
The distributions of haplotypes by region were overlaid on maps of the sampling area to 
visualize genetic diversity by region.  This was repeated for both nuclear and chloroplast 
sequences. 
Nested Clade Analysis 
 Nuclear and chloroplast datasets for all B. crassifolia samples were analyzed independently 
for phylogeographic structure using nested clade analysis (NCA) (Templeton, 1998) 
implemented with the NCPA software package (Panchal, 2007), which automates analyses using 
two primary programs and additional analyses.  Using the NCPA software, a haplotype network 
was created with TCS.  Next, this network was analyzed as a series of nested clades within a 
geographic context using the GeoDis program (Posada, Crandall, and Templeton, 2000).  This 
process uses the original nesting algorithm of Templeton, Boerwinkle and Sing (1987) and 
Templeton and Sing (1993).  This process generates clade distances (Dc) and nesting distances 
(Dn).  The automated inference key was applied using the NCPA software.  This key interprets 
significant values for Dc and Dn. 
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RESULTS 
Nucleotide Variation 
Nuclear locus 
 There were no gaps in the 413 bp G3PDH alignment, and there was no poly-A/T length 
variation.  Some heterozygous sequences were observed.  Sequences containing single instances 
of ambiguous bases were manually separated into two unique haplotypes.  When two or more 
heterozygous loci were present, monomorphic sequences from the country of origin were used to 
identify a common haplotype in the double-heterozygote.  This common haplotype was 
subtracted from the double-heterozygous sequence, revealing the second haplotype.  Sequences 
with three or more heterozygous loci were phased using the fastPHASE algorithm (Scheet and 
Stephens, 2006) in DnaSP v5.10 (Librado and Rozas, 2009).  Twenty-eight G3PDH haplotypes 
were identified in the 147 B. crassifolia samples.  One of these haplotypes was restricted to 
Bolivia.  The outgroup sequence from B. basiloba had two polymorphic loci, leading to four 
possible haplotypes, three of which were distinct from the B. crassifolia haplotypes, and one of 
which was identical with one of the B. crassifolia haplotypes.  It would be improper to phase 
these sequence data using B. crassifolia sequences, and so all four possible B. basiloba 
haplotypes were included as outgroup sequences in later analyses.  The outgroup sequence from 
B. variabilis had three polymorphic loci, leading to eight possible haplotypes.  Byrsonima 
variabilis was not used in further analyses due to this ambiguity.   
Chloroplast locus 
 Poly-A/T length variation was identified in the rps16-trnK sequence alignment, between 
base pairs 338 and 340 of the initial alignment.  These variations were trimmed, as they may be 
prone to homoplasy.  Three insertion-deletion polymorphisms (indels) were identified: a 21-base 
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indel (TAA TAC ACT GTT GTC AAT ATG) at base pairs 229-249 identical to the 21 bases 
preceding it; a 2-base indel at base pairs 471-472; and a 2-base insertion present only in the B. 
basiloba sequence at base pairs 473-474.  These indels were coded and appended to the end of 
each sequence, using the simple method of Simmons and Ochoterena (2000).  The final 
alignment was 605 bp.  Six rps16-trnK haplotypes were identified in B. crassifolia, and a seventh 
haplotype was found only in B. basiloba.  The sequence for B. verbascifolia was identical with 
one of the B. crassifolia haplotypes. 
Phylogenetics 
Phylogenetic Tree: Nuclear 
 The 28 B. crassifolia G3PDH haplotypes and the four possible B. basiloba haplotypes 
were used to construct a phylogenetic tree.  Eleven variable characters were parsimony-
informative, and 14 were parsimony-uninformative.  Figure 3.2 shows the G3PDH phylogeny 
with bootstrap values, and Figure 3.3 shows the phylogram including branch lengths (Tree 
Length = 47; Consistence Index = 0.539).  This tree was poorly resolved, despite the inclusion of 
B. basiloba as an outgroup.  Most haplotypes differed only by one or two mutations.  The only 
geographical region in which a step-wise mutational process was observed in these sequences 
was in Panama.  Synapomorphies, or shared derived character states, permit inference of 
evolutionary relationships among some Panamanian haplotypes.  The other sampled haplotypes 
captured parsimony-uninformative mutations.  Bootstrapping analysis revealed weak support for 
these branchings (between 52 and 59 percent support). 
Phylogenetic Tree: Chloroplast 
 Seven rps16-trnK haplotypes, consisting of 96 B. crassifolia, one B. verbascifolia, and one 
B. basiloba sample, were used to construct a maximum parsimony tree (Figure 3.4, Tree length = 
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0.812, Consistency Index = 0.8182).  Byrsonima verbascifolia shares a haplotype with several B. 
crassifolia samples (Haplotype 3).  This haplotype differed from the B. crassifolia samples of 
Haplotype 3 before, but not after, poly-A length variation was trimmed.  The B. basiloba 
haplotype (Haplotype 7) is distinct from those of B. crassifolia, both before and after processing.   
Haplotype Network: Nuclear 
The G3PDH haplotype network (Figure 3.5) contains four loops caused by homoplasy 
among B. crassifolia samples, and one consisting only of the four potential outgroup haplotypes.  
Three possible B. basiloba haplotypes form a single-step ring off of Haplotype 3, which contains 
the fourth potential B. basiloba haplotype.  This lack of strong differentiation between B. 
crassifolia and the selected outgroup is consistent with the low resolution in the phylogenetic 
tree for this locus, and is typical of an intraspecific haplotype tree. 
Haplotype Network: Chloroplast 
The rps16-trnK haplotype network (Figure 3.6) consists of one loop of four haplotypes 
and two missing haplotypes, the outgroup separated by four steps from Haplotype 5, and two 
haplotypes that are single steps away from Haplotypes 2 and 3.   
Domestication Genetics 
Nuclear Locus 
 Among the 129 diploid samples from throughout the range, excluding Bolivia, 18 G3PDH 
haplotypes were recovered from cultivated samples, and 22 were recovered from non-cultivated 
samples (Figure 3.7a).  Thirteen of these haplotypes were present in both non-cultivated and 
cultivated populations.  Ten were restricted to non-cultivated populations, and five were 
restricted to cultivated populations.   
 Looking at each region independently, seven different haplotypes were recovered from 
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southeastern Mexico (33 samples).  Three of these were restricted to non-cultivated populations, 
and one was restricted to cultivated populations.  Eight haplotypes were recovered from 
southwestern Mexico (37 samples), one of which was restricted to non-cultivated, and two to 
cultivated, populations.  Interestingly, Haplotype 17, which was found only in cultivated 
populations of southwestern Mexico, was present in 50 percent of these samples, and represented 
in eight different populations.  Panama (39 samples) showed the greatest haplotype diversity, 
with 19 overall.  Six of these haplotypes were restricted to non-cultivated, and four to cultivated, 
populations.  In Brazil, there were no cultivated populations in central Brazil (Tocantins, 5 
samples).  Only three haplotypes were recovered from northern Brazil (Pará, 15 samples): two in 
both cultivated and non-cultivated plants, and one in cultivated plants only. 
Chloroplast Locus 
 Six chloroplast haplotypes were recovered from all populations, excluding Bolivia.  Five 
were found in both cultivated and non-cultivated populations, while one was found in non-
cultivated populations only (Figure 3.7b).  There were no remarkable differences in the 
distribution of haplotypes among cultivated and non-cultivated populations on a global or 
regional basis.  
Phylogeography 
Geographic Distribution of Haplotypes 
Figures 3.8 and 3.9 show the distribution of haplotypes, numbered as in the TCS 
haplotype networks, by region overlaid on maps of the sampling area.  As noted in the previous 
section, Panama showed the greatest nuclear haplotype diversity (19 haplotypes) and Bolivia and 
northern Brazil showed the lowest nuclear haplotype diversity (3 haplotypes).  At the chloroplast 
locus, plants in North America showed greater haplotype diversity (4-5 haplotypes per region) 
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than plants in South America (3 haplotypes in northern and central Brazil, and one haplotype in 
Bolivia).  Haplotype 4 was found only in Brazil, while Haplotype 2 was found in all regions 
except for Brazil.  Bolivia showed no chloroplast haplotype diversity. 
Nested Clade Analysis: Nuclear Locus 
Figure 3.10 shows the nested clades resulting from the nested clade analysis.  The null 
hypothesis of no geographical association of haplotypes could not be rejected for the majority of 
clades at the first nesting level.  The exceptions were Clade 1-1, Clade 1-3, and Clade 1-5, which 
all contain both non-cultivated and cultivated samples.  Clade 1-1 consists of samples from all 
geographic regions.  According to the inference key, the sampling design was inadequate to 
discriminate between isolation by distance and long-distance dispersal for this clade because I 
was unable to include geographic locations where B. crassifolia was not present.  Clade 1-3 also 
consists of samples from all geographic regions.  Restricted gene flow with some long-distance 
dispersal was inferred.  Clade 1-5 consists of samples from southeastern Mexico, southwestern 
Mexico, and Panama.  Restricted gene flow with isolation by distance was inferred.  Clades for 
which the null hypothesis could not be rejected included samples from only one or two regions.  
 At the second nesting level, the null hypothesis could not be rejected for Clade 2-3, and the 
outcome was inconclusive for Clade 2-4.  Clade 2-1 consists of samples from southeastern 
Mexico, southwestern Mexico, and Panama.  According to the inference key, Clade 2-1 showed 
insufficient genetic resolution to discriminate between range expansion, or colonization; and 
restricted dispersal, or gene flow.  This could not be resolved based on the geographic sampling 
design.  Clade 2-2 consists of samples from all regions.  Clade 2-2 showed restricted gene flow 
with isolation by distance.   
 For the total cladogram, the sampling design was inadequate to discriminate between 
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isolation by distance and long-distance dispersal.  It showed insufficient genetic resolution to 
discriminate between range expansion, or colonization; and restricted dispersal, or gene flow. 
 In no instance was a significant signal of fragmentation or an extinction event detected.  
The predominant patterns detected were isolation by distance and long-distance dispersal. 
Nested Clade Analysis: Chloroplast Locus 
 The haplotype network for the chloroplast locus is very simple, consisting of six 
haplotypes and two missing haplotypes (Figure 3.11).  The NCA shows there are too few clades 
to discriminate between the alternate hypotheses of range expansion and restricted gene flow for 
Clade 1-1.  Clade 1-2, which consists of one haplotype restricted to Brazil and one that is found 
in Brazil, Mexico, and Panama, shows restricted gene flow with isolation by distance.  The null 
hypothesis cannot be rejected for Clade 1-4, or for the total cladogram.   
 
DISCUSSION 
Phylogenetic Relationships 
 The general phylogenetic pattern observed in Byrsonima crassifolia using DNA sequence 
data from both the nuclear and chloroplast genomes is one of low resolution.  Despite testing 
many different loci for their utility in elucidating phylogenetic relationships within this taxon, the 
loci that were ultimately selected for their higher relative abundance of nucleotide 
polymorphisms were unable to provide strong insights.  This is exemplified in the phylogenetic 
trees presented in Figures 3.2, 3.3, and 3.4.  Trees constructed from each genetic region show a 
“comb-like,” rather than a “branching,” structure despite the inclusion of congeneric outgroups 
in the analyses.   
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 This pattern of low resolution was coupled with high levels of heterozygosity among 
nuclear sequences.  Indeed, 63 percent of samples were heterozygous at the nuclear locus.  This 
agrees with the high levels of heterozygosity detected in microsatellite data (Chapter 2), and may 
be expected due to life history traits of the species.  Byrsonima crassifolia is a widely distributed, 
predominantly outcrossing tree species that relies on insects for pollination.  Predominantly 
outcrossing species typically exhibit higher overall levels of genetic diversity and lower levels of 
between-population, or intraspecific, genetic differentiation than selfing or mixed-mating species 
(Hamrick, Mitton, and Linhart, 1981; Hamrick and Godt, 1996).  Woody species, species with 
animal-dispersed seeds, and widely distributed species also generally show lowered 
interpopulation genetic differentiation.  
 The other striking observation is that of low interspecific genetic differentiation at the 
genetic loci that we tested.  The three congeneric species used as outgroups for the phylogenetic 
analyses provided little additional resolution to the phylogenetic trees.  These species either 
differed only moderately from B. crassifolia haplotypes or shared a haplotype with B. crassifolia 
samples.  These findings suggest either that the taxa are not in fact taxonomically distinct, or that 
insufficient time has passed since the divergence of these groups to permit the accumulation of 
distinguishing genetic mutations at the loci used in the present study.  I am confident that the 
selected taxa are morphologically distinguishable, and have no compelling reason to reject the 
current species delimitations.  Indeed, other studies have shown differentiation between B. 
crassifolia and B. basiloba using a combination of other genetic markers and morphology (Davis 
and Anderson, 2010), and in my data, they are separated from one another by a minimum of four 
mutational steps at the rps16-trnK locus.  It is most likely that we are observing a pattern of 
incomplete lineage sorting (Maddison, 1997), in which the sampled taxa are closely related and 
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still share haplotypes belonging to their common ancestor at these genetic loci despite the 
divergence of the species.  
 The nuclear haplotype network is remarkably complete, given the recovery of 28 unique 
haplotypes at this locus.  Only two inferred haplotypes were not observed in this network.  The 
chloroplast haplotype network comprises only six B. crassifolia haplotypes and two missing 
haplotypes.  The combination of these results suggests an adequate sampling strategy and little 
loss of genetic variation in B. crassifolia populations due to such processes as human-influenced 
landscape change or fragmentation and long-term isolation of populations. 
Domestication Genetics 
Panama and Brazil 
 Results from sequencing analyses support the microsatellite results (Chapter 2) indicating 
that little genetic differentiation based on cultivation status has occurred in the sampled 
populations in Brazil and Panama.  Haplotype diversity was high in Panama compared with other 
regions, but no significant associations of genetic diversity and cultivation status were observed.  
This accords well with findings that Panamanian farmers use B. crassifolia trees for many 
purposes, including the collection of fruits for consumption, but that they prefer to manage these 
trees via natural regeneration rather than actively promoting or cultivating the species (Love and 
Spaner, 2005).  This type of “non-crop forest management” is predicted to impact the genetic 
structure of the population via processes of genetic drift or gene flow rather than via artificial 
selection (Alcorn, 1981). 
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Mexico 
Sequence analyses show that Mexico is a region of interest with respect to inferences 
about the early stages of plant domestication, supporting the findings from microsatellite data 
(Chapter 2). 
Southwestern Mexico 
 In southwestern Mexico, sequence analyses confirm the microsatellite analyses indicating 
that cultivated populations are distinct from non-cultivated populations.  The predominant 
nuclear haplotype in cultivated populations of southwestern Mexico (Haplotype 17) occurs 
nowhere else.  The predominant cultivated chloroplast haplotype (Haplotype 2), which occurs in 
all but one of the sampled plants of this type, does not occur in non-cultivated populations in the 
region.  These results, combined with the STRUCTURE and BAPS findings of Chapter 2, 
strongly indicate a recent origin of cultivated populations in southwestern Mexico from some 
other, possibly unsampled, region.  Because B. crassifolia is a predominantly outcrossing species 
pollinated by insects, it is unlikely that these populations have been maintained in isolation from 
nearby non-cultivated populations long enough for a new mutation to arise and become common 
only in cultivated populations.  Microsatellite data indicate high levels of heterozygosity in both 
population types in the region.  Thus we conclude that cultivated populations were sourced from 
a diverse population outside of the region in which they were planted, and that few generations 
have passed since that occurrence.  While some exchange of pollen and seed may occur between 
the two cultivation types, it has not been enough to homogenize them.  The cultivation practice 
of planting new generations from the seeds of cultivated plants in the area (pers. obsv.) may have 
led to the prevalence of a dominant nuclear haplotype.  Given our inference of infrequent 
exchange between the population types, many more non-cultivated plants would need to be 
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sampled to capture Haplotype 17, the predominant haplotype of cultivated populations in 
southwestern Mexico, in non-cultivated populations.  
Southeastern Mexico 
  DNA sequence results from southeastern Mexico also support the findings from the 
microsatellite data.  Based on microsatellite data, we inferred that cultivated populations of 
southeastern Mexico derived from local non-cultivated populations, and that early processes of 
domestication had begun to reduce genetic diversity in the cultivated populations.  The DNA 
sequence data indicate that most haplotypes are shared by both cultivated and non-cultivated 
populations, and that a greater number of haplotypes were restricted to non-cultivated than to 
cultivated populations.  Three nuclear and one chloroplast haplotypes were restricted to non-
cultivated populations of southeastern Mexico.  Only one nuclear and no chloroplast haplotypes 
were restricted to cultivated populations.  These findings support our hypothesis that cultivated 
and non-cultivated populations diverge genetically, and that cultivated genetic diversity is a 
subset of non-cultivated genetic diversity.  These findings may suggest evidence of a weak 
genetic bottleneck. 
 Results from southeastern Mexico coincide with the findings of Miller and Schaal (2005), 
in which fewer chloroplast haplotypes were recovered from cultivated than from non-cultivated 
populations of the incipiently domesticated fruit tree, Spondias purpurea.  It is interesting to note 
that this study included data from plant collections throughout Mexico and Central America, and 
different patterns of domestication in different regions within their study were not detected.  The 
broader distribution of B. crassifolia and its cultivated populations may permit a more complex 
view of the domestication process.  Additional differences may arise from the distinct ways in 
which cultivated plants are propagated.  Spondias purpurea is primarily reproduced clonally in 
	  	   170	  
cultivation.  This would limit the continued exchange of genes between cultivated and non-
cultivated populations (Miller and Gross, 2011).  
Phylogeography 
Byrsonima crassifolia has a broad distribution and is primarily dispersed by birds 
(Anderson, 1983).  Low regional genetic isolation would be expected based on these 
characteristics (Aguilar-Meléndez et al., 2009).  Analyses of DNA sequence data revealed that 
several interior haplotypes in the nuclear haplotype network, including the two most common 
haplotypes, and most chloroplast haplotypes are indeed broadly distributed throughout the 
sampled species range.  
 In this study, I tested the basic phylogeographic hypothesis that B. crassifolia originated 
in South America and later expanded to its current range.  This hypothesis was based on the fact 
that South America is the center of diversity for the genus (Anderson, Anderson, and Davis, 
2006 onward).  If B. crassifolia did originate in South America, one would expect to see greater 
haplotype diversity in this region than in North America.  This would result from South 
American plant populations accumulating more genetic mutations during their longer history in 
the region.  One would expect to see widespread interior haplotypes and tip haplotypes with 
more restricted geographic distributions, with most of these in the Brazilian or Bolivian samples.  
However, my analyses do not support this hypothesis.   
Instead, it must be noted that Panamanian samples hold the greatest amount of genetic 
diversity of all regions, containing 68 percent of the G3PDH haplotypes and 83 percent of the 
rps16-trnK haplotypes.  Fifty percent of the G3PDH haplotypes are found only in Panama.  This 
suggests that of the regions sampled, B. crassifolia has the longest history in Panama, permitting 
the greatest accumulation of mutations over time in this region.  Analyses of additional genetic 
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regions and additional sampling, particularly from other regions of Central America, would be 
required to confirm this finding of a Central American, rather than South American, origin. 
The unique geographical position of Panama, at the intersection of the continents of 
North and South America, may also contribute to the high genetic diversity found in the region.  
The Isthmus of Panama was only completed between 3.2 and 3.7 million years ago (Cooke, 
2005), although intermittent landforms between the continents would have facilitated some floral 
connections before its completion (Raven and Axelrod, 1974).  This situation may have provided 
ancestral plants migrating from South America with isolating conditions in Central America for 
species divergence.  Later, the newly formed species could have recolonized South America after 
a term of relative isolation.  Additional sampling, inclusion of additional genetic loci, and 
application of genetic dating techniques would be required to support this hypothesis. 
Perhaps contributing to the pattern of greater regional diversity in Panama, Panama 
receives many migratory birds, particularly from North America during the Northern 
Hemisphere winter (Ridgely and Gwynne Jr., 1989).  Migratory birds dispersing B. crassifolia 
seeds may contribute to sharing of haplotypes between regions separated by great geographic 
distances, particularly between Mexico and Panama.  Few South American bird species migrate 
from South America to Panama (Ridgely and Gwynne Jr., 1989).  Thus, a long history of B. 
crassifolia in Brazil or Bolivia would be expected to result in an accumulation of haplotypes that 
would not be shared in the northern range.  Such haplotypes are not observed. 
Nested Clade Analysis 
The nested clade analysis of nuclear sequences revealed two overarching patterns: that of 
no geographical association of haplotypes, and that of isolation by distance or long-distance 
dispersal.  Microsatellite data support a finding of isolation by distance across the global 
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distribution of the species.  The nested clade analysis did not reveal a pattern of regional 
isolation. 
 The simple chloroplast haplotype network provided little opportunity for 
phylogeographic interpretation.  The only significant pattern revealed by the nested clade 
analysis was that of restricted gene flow with isolation by distance in a clade consisting of two 
haplotypes (Haplotypes 3 and 4).  Haplotype 4 occurs only in Brazil, and Haplotype 3 is found in 
Brazil, Mexico, and Panama.  This finding is unsurprising given barriers to gene flow between 
South and Central America. 
Overall 
 Analyses of nuclear and chloroplast sequences in Byrsonima crassifolia complement 
those of the more rapidly evolving microsatellite markers used in Chapter 2.  They present a 
picture of a highly variable and reproductively connected plant species.  Despite the lower 
mutation rates of nucleotide sequences as compared with nuclear microsatellite motifs, analyses 
of these data do contribute to our understanding of early processes of domestication in this 
species.  We again observe a complex relationship between plants and people.  Within a single 
species, we observe a range from the clear maintenance of genetic diversity in cultivation to hints 
of a weak domestication bottleneck.  Findings from southwestern Mexico serve as a reminder 
that practices of plant cultivation can cross geographic distances in a manner independent of 
natural patterns of seed and pollen flow.  Plant variants that are identified as culturally or 
economically valuable can be introduced into the native range of the plant from some distance 
away, rather than being taken directly into cultivation from local non-cultivated populations.   
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 Phylogeographic analyses have yielded preliminary insights into the origin and 
distribution of this species.  However, additional sampling and analyses are required to present a 
more nuanced view of such questions. 
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Figure 3.2 Phylogenetic tree of the nuclear G3PDH locus in Byrsonima crassifolia, using B. 
basiloba as the outgroup.  This is an unrooted bootstrap 50 percent majority-rule consensus tree.  
The numbers above branches are bootstrap values (50 replicates, TBR algorithm).  Among 28 B. 
crassifolia and four B. basiloba haplotypes, there were 11 parsimony-informative mutations and 
14 parsimony-uninformative mutations.  There was little resolution, even with the inclusion of 
the outgroup.  
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Figure 3.4 (a) Phylogenetic tree of the chloroplast rps16-trnK locus in Byrsonima crassifolia, 
using B. basiloba as the outgroup (tree length = 11, Consistency Index = 0.8182, Homoplasy 
Index = 0.1818).  Among seven haplotypes, there were three parsimony-informative mutations 
and six parsimony-uninformative mutations. (b) Table of haplotypes for all 97 samples is below.  
Samples from outgroup taxa are in bold. Regional abbreviations are as follows: BRC = Central 
Brazil; BRN = Northern Brazil; BV = Bolivia; MSE = Southeastern Mexico; MSW = 
Southwestern Mexico; and PM = Panama. 
(a) 
 
 
(b) 
 
Haplotype 
No. Regions Species Samples 
1 MSE, MSW, 
PM 
B. crassifolia 064, 068, 073, 080, 082, 089, 092, 096, 
1032,148, 151, 221, 305, 432, 459, 462, 
535, 602, 611, 926, 923, 519 
2 BV, MSE, 
MSW, PM 
B. crassifolia 094, 204, 211, 258, 349, 398, 640, 911, 808, 
859, 805, 912, 914, 915, 674, 676, 108, 112, 
113, 116, 118, 161, 119, 104, 107, 675, 677 
3 BRC, BRN, 
MSE, MSW, 
PM 
B. crassifolia,      
B. verbascifolia 
364, 275, 664, 922, 925, 931, 726, 917, 532, 
358, 463, 131, 292, 344, 889, 921, 934, 942, 
990, 1012,795, 902, 910 
4 BRC, BRN B. crassifolia 729, 748, 751, 759, 873, 866, 967, 972 
5 MSW, PM B. crassifolia 913, 924 
6 BRC, BRN, 
MSE, MSW, 
PM 
B. crassifolia 289, 959, 332, 447, 466, 550, 553, 568, 707, 
739, 777, 927, 579, 294, 769 
7 BRN B. basiloba 930 
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Figure 3.5 Byrsonima crassifolia haplotype network for the nuclear locus, G3PDH.  Twenty-
eight B. crassifolia haplotypes were recovered, and two were inferred but not observed.  
Byrsonima basiloba (Haplotypes 3, B.b.-1, B.b. 2, and B.b.-3) is used as an outgroup.  Note that 
of the four possible B. basiloba haplotypes derived from phasing two heterozygous loci, one is 
identical to B. crassifolia Haplotype 3.  Haplotype numbers and colors correspond to those on 
the map in Figure 3.8. 
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Figure 3.6 Byrsonima crassifolia haplotype network for the chloroplast locus, rps16-trnK.  Six 
B. crassifolia and one B. basiloba haplotypes were recovered.  Two B. crassifolia haplotypes 
were inferred but not observed.  Three inferred haplotypes separate B. crassifolia from the 
outgroup taxon, B. basiloba. Haplotype numbers and colors correspond to those on the map in 
Figure 3.9. 
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Figure 3.7 Haplotype diversity of Byrsonima crassifolia samples, excluding Bolivian 
populations, by cultivation type, for sequencing regions (a) G3PDH and (b) rps16-trnK.  More 
haplotype diversity is captured in non-cultivated than cultivated plant populations (G3PDH: 22 
vs. 18 haplotypes; rps16-trnK: 6 vs. 5 haplotypes). 
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Figure 3.8 Map of the geographic distribution of Byrsonima crassifolia haplotypes at the nuclear 
locus, G3PDH.  Sampled regions include southeastern Mexico (including the states of 
Campeche, Chiapas, Oaxaca, Tabasco, Veracruz, and Yucatán), southwestern Mexico (Colima, 
Guerrero, Jalisco, Michoacán, and Nayarit), Panama (Bocas del Toro, Coclé, Herrera, Los 
Santos, Panamá, and Veraguas), and Brazil (Pará and Tocantins).  The greatest haplotype 
diversity is observed in Panama, with 19 of the 28 observed nuclear haplotypes.  The lowest 
diversity is seen in South American regions (3-4 haplotypes per region).  
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Figure 3.9 Map of the geographic distribution of Byrsonima crassifolia haplotypes at the 
chloroplast locus, rps16-trnK.  Sampled regions include southeastern Mexico (including the 
states of Campeche, Chiapas, Oaxaca, Tabasco, Veracruz, and Yucatán), southwestern Mexico 
(Colima, Guerrero, Jalisco, Michoacán, and Nayarit), Panama (Bocas del Toro, Coclé, Herrera, 
Los Santos, Panamá, and Veraguas), and Brazil (Pará and Tocantins).
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Figure 3.10 Nested clade analysis for Byrsonima crassifolia at the nuclear locus, G3PDH.  
Haplotypes 28 and 29 are missing haplotypes.  Asterisks indicate statistical significance of 
nested clades.  Clades numbers are derived from the NCPA analysis.  In brackets are G3PDH 
haplotype numbers and regions in which haplotypes are found (BR = all of Brazil, BRN = 
northern Brazil, BRC = central Brazil, BV = Bolivia, M = all of Mexico, MSE = southeastern 
Mexico, MSW = southwestern Mexico, and PM = Panama). 
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Figure 3.11 Nested clade analysis of Byrsonima crassifolia for the chloroplast locus, rps16-trnK.  
Haplotypes 6 and 7 are missing haplotypes.  Stars indicate statistical significance of nested 
clades.  Clades numbers are derived from the NCPA analysis.  In brackets are rps16-trnK 
haplotype numbers and regions in which haplotypes are found (BR = all of Brazil, BRN = 
northern Brazil only, BV = Bolivia, PM = Panama, M = all of Mexico, and MSW = southwestern 
Mexico only). 
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Table 3.1 Summary of Byrsonima crassifolia samples used for sequencing studies. Regions: 
BRN = northern Brazil; BRC = central Brazil; BV = Bolivia; MSE = southeastern Mexico; 
MSW = southwestern Mexico; and PM = Panama.  Cultivation status: C = Cultivated; NC = 
Non-Cultivated.  The haplotype numbers for the rps16-trnK and G3PDH loci are listed.  Criteria 
for region, cultivation status, and population type are described in the Materials and Methods.  
Section (a): the 88 B. crassifolia and one B. basiloba samples for which both loci were 
sequenced; (b): the 59 B. crassifolia and one B. variabilis samples for which only G3PDH was 
sequenced; (c): the 8 B. crassifolia, and one B. verbascifolia samples for which only rps16-trnK 
was sequenced. 
Species 
Sample 
No. 
Pop. 
No. Region 
Cultiv. 
Status 
Population 
Type 
trnK 
Haplotype 
G3PDH 
Haplotypes 
(a) trnK and G3PDH       
B. crassifolia 729 BR01 BRN NC Roadside 4 3, 28 
B. crassifolia 873 BR02 BRN C No Varieties 4 3, 3 
B. crassifolia 739 BR03 BRN C No Varieties 6 1, 3 
B. crassifolia 889 BR03 BRN C No Varieties 3 3, 3 
B. crassifolia 748 BR04 BRN C No Varieties 4 3, 3 
B. crassifolia 751 BR04 BRN C No Varieties 4 3, 3 
B. crassifolia 931 BR05 BRN C No Varieties 3 1, 1 
B. crassifolia 934 BR05 BRN C No Varieties 3 1, 3 
B. crassifolia 759 BR06 BRN NC Roadside 4 3, 3 
B. crassifolia 769 BR07 BRC NC Savanna 6 1, 14 
B. crassifolia 777 BR07 BRC NC Savanna 6 1, 1 
B. crassifolia 959 BR08 BRC NC Savanna 6 1, 28 
B. crassifolia 972 BR10 BRC NC Savanna 4 3, 3 
B. crassifolia 161 BV01 BV NC Savanna 2 1, 1 
B. crassifolia 398 BV02 BV NC Savanna 2 1, 15 
B. crassifolia 104 BV03 BV NC Savanna 2 1, 3 
B. crassifolia 107 BV04 BV NC Savanna 2 1, 1 
B. crassifolia 110 BV05 BV NC Savanna 2 1, 3 
B. crassifolia 674 BV05 BV NC Savanna 2 1, 3 
B. crassifolia 675 BV05 BV NC Savanna 2 3, 3 
B. crassifolia 676 BV05 BV NC Savanna 2 1, 1 
B. crassifolia 677 BV05 BV NC Savanna 2 1, 3 
B. crassifolia 112 BV06 BV NC Savanna 2 3, 3 
B. crassifolia 113 BV07 BV NC Savanna 2 1, 1 
B. crassifolia 116 BV08 BV NC Savanna 2 3, 3 
B. crassifolia 118 BV09 BV NC Savanna 2 1, 3 
B. crassifolia 119 BV10 BV NC Savanna 2 3, 3 
B. crassifolia 64  -  MSE C Cultivated 1 1, 4 
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Species 
Sample 
No. 
Pop. 
No. Region 
Cultiv. 
Status 
Population 
Type 
trnK 
Haplotype 
G3PDH 
Haplotypes 
B. crassifolia 82  -  MSE C Cultivated 1 1, 4 
B. crassifolia 68 MX01 MSE C Varieties 1 4, 4 
B. crassifolia 73 MX02 MSE C Varieties 1 4, 4 
B. crassifolia 148 MX03 MSE NC Pasture  1 3, 4 
B. crassifolia 151 MX03 MSE NC Pasture  1 3, 4 
B. crassifolia 462 MX03 MSE NC Pasture  1 3, 4 
B. crassifolia 258 MX04 MSE NC Pasture 2 2, 4 
B. crassifolia 80 MX06 MSE C Varieties 1 4, 4 
B. crassifolia 364 MX07 MSE NC Pasture 3 1, 3 
B. crassifolia 275 MX08 MSE C No Varieties 3 3, 4 
B. crassifolia 289 MX09 MSE NC Pasture 6 16, 16 
B. crassifolia 292 MX09 MSE NC Pasture 3 1, 4 
B. crassifolia 294 MX09 MSE NC Pasture 6 1, 16 
B. crassifolia 463 MX09 MSE NC Pasture 3 1, 1 
B. crassifolia 466 MX09 MSE NC Pasture 6 3, 3 
B. crassifolia 305 MX10 MSE C No Varieties 1 1, 1 
B. crassifolia 89 MX12 MSE C Orchard 1 3, 3 
B. crassifolia 519 MX13 MSE C Orchard 1 1, 4 
B. crassifolia 204 MX14 MSE NC Savanna 2 4, 4 
B. crassifolia 211 MX14 MSE NC Savanna 2 1, 4 
B. crassifolia 92 MX15 MSE C Varieties 1 1, 5 
B. crassifolia 221 MX15 MSE C Varieties 1 1, 1 
B. crassifolia 94 MX16 MSE C Varieties 2 1, 3 
B. crassifolia 96 MX17 MSE C Varieties 1 3, 3 
B. crassifolia 332 MX18 MSW NC Pasture 6 1, 6 
B. crassifolia 344 MX18 MSW NC Pasture 3 1, 1 
B. crassifolia 349 MX19 MSW C No Varieties 2 17, 17 
B. crassifolia 447 MX23 MSW NC Savanna (Oak) 6 1, 1 
B. crassifolia 707 MX26 MSW NC Forest (Oak) 6 6, 3 
B. crassifolia 726 MX27 MSW NC Savanna 3 1, 11 
B. crassifolia 902 MX27 MSW NC Savanna 3 1, 11 
B. crassifolia 859 MX28 MSW C Varieties 2 1, 17 
B. crassifolia 910 MX29 MSW NC Pasture 3 1, 1 
B. crassifolia 911 MX30 MSW C Varieties 2 17, 17 
B. crassifolia 912 MX31 MSW C Orchard 2 1, 17 
B. crassifolia 913 MX33 MSW NC Savanna (Oak) 5 1, 1 
B. crassifolia 1012 MX33 MSW NC Savanna (Oak) 3 1, 11 
B. crassifolia 914 MX34 MSW C Some Varieties 2 17, 17 
B. crassifolia 1032 MX34 MSW C Some Varieties 1 1, 17 
B. crassifolia 915 MX35 MSW C Experimental 2 1, 17 
B. crassifolia 917 MX36 MSW NC Savanna 3 1, 1 
B. crassifolia 532 PM01 PM C No Varieties 3 18, 24 
B. crassifolia 535 PM01 PM C No Varieties 1 1, 4 
B. crassifolia 550 PM02 PM NC Roadside 6 19, 20 
B. crassifolia 553 PM02 PM NC Roadside 6 19, 21 
B. crassifolia 640 PM02 PM C No Varieties 2 4, 18 
B. crassifolia 568 PM03 PM NC Pasture 6 3, 9 
B. crassifolia 579 PM03 PM NC Pasture 6 3, 8 
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Species 
Sample 
No. 
Pop. 
No. Region 
Cultiv. 
Status 
Population 
Type 
trnK 
Haplotype 
G3PDH 
Haplotypes 
B. crassifolia 611 PM04 PM C No Varieties 1 3, 18 
B. crassifolia 602 PM05 PM NC Pasture 1 19, 19 
B. crassifolia 922 PM06 PM NC Pasture 3 8, 27 
B. crassifolia 923 PM07 PM C No Varieties 1 18, 18 
B. crassifolia 664 PM09 PM NC Roadside 3 18, 18 
B. crassifolia 795 PM10 PM C No Varieties 3 3, 4 
B. crassifolia 924 PM11 PM NC Pasture 5 18, 18 
B. crassifolia 925 PM13 PM NC Pasture 3 3, 3 
B. crassifolia 805 PM14 PM C No Varieties 2 4, 10 
B. crassifolia 808 PM14 PM C No Varieties 2 4, 9 
B. crassifolia 926 PM15 PM NC Forest (Wet) 1 24, 20 
B. crassifolia 927 PM16 PM C Experimental 6 3, 21 
B. basiloba 930  -  BRC  -  - 7 3, Bb-1, Bb-
2, Bb-3* 
        
(b) G3PDH only       
B. crassifolia 728 BR01 BRN NC Roadside  - 3, 3 
B. crassifolia 872 BR02 BRN C No Varieties  - 3, 3 
B. crassifolia 887 BR03 BRN C No Varieties  - 3, 3 
B. crassifolia 888 BR03 BRN C No Varieties  - 1, 28 
B. crassifolia 935 BR05 BRN C No Varieties  - 1, 3 
B. crassifolia 760 BR06 BRN NC Roadside  - 3, 3 
B. crassifolia 955 BR08 BRC NC Savanna  - 1, 28 
B. crassifolia 678 BV05 BV NC Savanna  - 1, 3 
B. crassifolia 679 BV05 BV NC Savanna  - 1, 3 
B. crassifolia 680 BV05 BV NC Savanna  - 1, 3 
B. crassifolia 681 BV05 BV NC Savanna  - 1, 1 
B. crassifolia 66  -  MSE C Cultivated  - 1, 1 
B. crassifolia 78 MX05 MSE C Varieties  - 1, 1 
B. crassifolia 510 MX10 MSE C No Varieties  - 1, 3 
B. crassifolia 88 MX11 MSE NC Scrub  - 3, 4 
B. crassifolia 521 MX13 MSE C Orchard  - 1, 4 
B. crassifolia 524 MX13 MSE C Orchard  - 4, 4 
B. crassifolia 210 MX14 MSE NC Savanna  - 12, 4 
B. crassifolia 222 MX15 MSE C Varieties  - 1, 3 
B. crassifolia 921  -  MSW C Cultivated  - 8, 18 
B. crassifolia 330 MX18 MSW NC Pasture  - 1, 6 
B. crassifolia 331 MX18 MSW NC Pasture  - 1, 6 
B. crassifolia 333 MX18 MSW NC Pasture  - 1, 6 
B. crassifolia 335 MX18 MSW NC Pasture  - 1, 1 
B. crassifolia 336 MX18 MSW NC Pasture  - 1, 6 
B. crassifolia 338 MX18 MSW NC Pasture  - 6, 6 
B. crassifolia 339 MX18 MSW NC Pasture  - 1, 6 
B. crassifolia 341 MX18 MSW NC Pasture  - 1, 6 
B. crassifolia 343 MX18 MSW NC Pasture  - 7, 7 
B. crassifolia 348 MX19 MSW C No Varieties  - 1, 6 
B. crassifolia 356 MX19 MSW C No Varieties  - 1, 1 
B. crassifolia 459 MX23 MSW NC Savanna (Oak)  - 1, 4 
	  	   198	  
Species 
Sample 
No. 
Pop. 
No. Region 
Cultiv. 
Status 
Population 
Type 
trnK 
Haplotype 
G3PDH 
Haplotypes 
B. crassifolia 491 MX24 MSW C No Varieties?  - 4, 4 
B. crassifolia 705 MX25 MSW C Orchard  - 1, 17 
B. crassifolia 842 MX28 MSW C Varieties  - 4, 11 
B. crassifolia 843 MX28 MSW C Varieties  - 3, 11 
B. crassifolia 1001 MX30 MSW C Varieties  - 17, 17 
B. crassifolia 1008 MX30 MSW C Varieties  - 17, 17 
B. crassifolia 1033 MX34 MSW C Varieties?  - 1, 17 
B. crassifolia 826 MX37 MSW C Orchard  - 1, 17 
B. crassifolia 538 PM01 PM C No Varieties  - 19, 19 
B. crassifolia 547 PM02 PM NC Roadside  - 9, 25 
B. crassifolia 556 PM02 PM NC Roadside  - 9, 8 
B. crassifolia 560 PM02 PM NC Roadside  - 9, 19 
B. crassifolia 569 PM03 PM NC Pasture  - 9, 8 
B. crassifolia 570 PM03 PM NC Pasture  - 1, 19 
B. crassifolia 571 PM03 PM NC Pasture  - 19, 21 
B. crassifolia 572 PM03 PM NC Pasture  - 3, 19 
B. crassifolia 576 PM03 PM NC Pasture  - 10, 20 
B. crassifolia 578 PM03 PM NC Pasture  - 3, 19 
B. crassifolia 581 PM03 PM NC Pasture  - 3, 19 
B. crassifolia 604 PM04 PM C No Varieties  - 13, 21 
B. crassifolia 613 PM04 PM C No Varieties  - 26, 24 
B. crassifolia 615 PM04 PM C No Varieties  - 3, 18 
B. crassifolia 617 PM04 PM C No Varieties  - 18, 22 
B. crassifolia 648 PM08 PM C No Varieties  - 1, 17 
B. crassifolia 627 PM12 PM NC Forest (Wet)  - 2, 4 
B. crassifolia 630 PM12 PM NC Forest (Wet)  - 3, 27 
B. crassifolia 632 PM12 PM NC Forest (Wet)  - 23, 27 
B. variabilis 928  -  BRC  -   -   -  outgroup 
        
(c) trnK only        
B. crassifolia 866 BR01 BRN NC Roadside 4  - 
B. crassifolia 942 BR06 BRN NC Roadside 3  - 
B. crassifolia 967 BR10 BRC NC Savanna 4  - 
B. crassifolia 459 MX03 MSE NC Pasture Regen 1  - 
B. crassifolia 358 MX07 MSE NC Pasture 3  - 
B. crassifolia 131 MX11 MSE NC Scrub 3  - 
B. crassifolia 432 MX16 MSE C Varieties 1  - 
B. crassifolia 921  -  PM C Cultivated 3  - 
B. verbascifolia 990  -  BRC  -  - 3  - 
 
* Statistical phasing was not possible for Byrsonima basiloba, and thus all four possible 
haplotypes are listed for this double-heterozygote sequence.  Two of the four are the actual 
haplotypes.
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CONCLUSION OF THE DISSERTATION 
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The analyses presented illustrate a complex and nuanced picture of early processes of 
domestication within a single broadly distributed plant species.  I use a species currently 
intermediate between wild and domesticated along the domestication continuum to illustrate the 
timing and extent of genetic, phenotypic, and ecological changes that result from the 
domestication process.  Byrsonima crassifolia (nance) is an incipiently domesticated perennial 
plant that is cultivated throughout much of its range.  And yet, cultivated populations within its 
range are varied.  Archaeological and phenotypic evidence suggests a longer period of use and a 
stronger influence of artificial selection on fruit phenotypes in some regions in comparison with 
others.  Incipiently domesticated species like nance (Clement, 1999) permit examination of the 
domestication process as it occurs, rather than relying on comparisons between plant populations 
at either end of the domestication spectrum to make inferences about the timing and extent of 
change. 
Early literature proposing mechanisms for and processes of domestication focused on 
transitions from wild grasses to domesticated cereal crops in a few domestication hotspots (e.g. 
Harlan and Zohary, 1966; De Wet and Harlan, 1971; Harlan, De Wet, and Price, 1973).   This 
focus in part resulted from the importance of cereals in human diets, but also from the 
availability of a rich archaeological record for Near Eastern cereals, and other simplifying factors 
for such studies.  Indeed, in their analysis of ecological genetics and agricultural origins, Blumler 
and Byrne (1991) wrote: 
“Ideally, we would have considered all early domesticates in relation to the models, but 
because of the complexity of the topic and the scantiness of information from some 
regions we concentrate on Near Eastern cereals.” (p. 24)  
The advent of genetic means of analysis has reduced the reliance of investigators of plant 
domestication on the archaeological record, permitting meaningful analyses of plants that do not 
preserve well and those that are less well described in written historical accounts.  Clearly 
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combining archaeological and genetic evidence is preferred and can provide a better 
understanding of domestication processes (Purugganan and Fuller, 2009).  Yet the absence of a 
fully elaborated archaeological record is not an obstacle to inquiry.   
In recent years there has been an increasing trend towards investigating the domestication 
process in a variety of plant types in different regions (e.g. Clement, 1989; McKey et al., 2010; 
Miller and Gross, 2011).  Such studies recognize that people have impacted different types of 
plants in different regions in different ways. This trend is leading towards a more inclusive view 
of how people change plant populations through cultivation and domestication.  The genetic and 
ecological analyses of Byrsonima crassifolia presented in this dissertation contribute additional 
insight into the developing picture of early processes of domestication in non-cereal plants. 
 My study showed no appreciable change in the ecological distribution of cultivated plants 
in comparison with non-cultivated plants.  This consistency between the models of these two 
cultivation types was found when the models included localities from all regions.  It was also 
found when they focused solely on plants in southeastern and southwestern Mexico, the two 
regions that demonstrate the longest history of consistent B. crassifolia use by people, the 
greatest phenotypic divergence of phenotypes associated with cultivation, and the greatest extent 
of commercial cultivation.  These findings suggest that ecological divergence associated with 
either unconscious selection for survival in human-managed landscapes or conscious selection 
for plant characteristics useful for people (Zohary, 2004) may occur later in the domestication 
process, after the onset of genetic and phenotypic changes. 
My research also showed that a reduction in the genetic variability of cultivated plant 
populations, commonly noted in domesticated crops (Doebley, 1989; Doebley, Gaut, and Smith, 
2006), does not necessarily accompany plant cultivation.  In nance, in regions in which 
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phenotypic variability within cultivated plant populations is not observed, statistically significant 
reductions in genetic variability are not observed either.  In contrast, in the one region in which 
consistently named fruit varieties were identified in different cultivated populations, a reduction 
in genetic variability was observed.  Plant cultivation and domestication in nance is not “one-size 
fits all.” 
In their analysis of the domestication of perennial fruit crops, Miller & Gross (2011) note 
that in general, perennial crops maintain higher levels of genetic diversity in cultivation than do 
annual crops.  Their review presents instances in which cultivated populations show higher 
genetic diversity than non-cultivated populations.  They attribute this maintenance of genetic 
diversity to the longer juvenile phase of perennial plants and increased incidence of asexual 
reproduction in cultivation, both of which reduce the number of sexual cycles separating 
cultivated plants and their non-cultivated source populations.  In the case of nance, asexual 
propagation is extremely uncommon.  During field collections spanning three years and two 
continents, I observed only one orchard populated with a particular nance plant that had been 
grafted onto common rootstock.  The agronomist specializing in B. crassifolia at EMBRAPA, 
Brazil’s state-owned agricultural research corporation, reported that B. crassifolia can be 
clonally propagated only in some lineages with great effort and chemical treatments (J. Urano19, 
2010, pers. comm.).  These observations indicate that asexual reproduction is unlikely to 
contribute to this pattern, and nance populations may be expected to lose genetic variation slowly 
over time in cultivation via processes of genetic drift and artificial selection.  Nance is a 
cultivated perennial fruit tree, but it may align in some respects with expectations of outcrossing 
annual plants with regard to responses of genetic diversity to the domestication process. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
19 José Edmar Urano de Carvalho, Curator, EMBRAPA, Belem, Para, Brazil. 
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In addition to analyzing ecological and genetic processes of early domestication, this 
study system enabled me to investigate basic phylogeographic questions regarding the movement 
of plants between North and South America.  The Isthmus of Panama was completed only 
between 3.2 and 3.7 million years ago (Cooke, 2005), permitting the joining of plant taxa that 
developed largely in isolation in South America with the flora and fauna of North America 
(Raven and Axelrod, 1974).  Interestingly, in B. crassifolia, the region in which the 
domestication process has least impacted plant phenotypes is also the region in which the 
greatest haplotypic diversity was observed.  Panama, located at the intersection of North and 
South America, contains more that twice the sampled nuclear haplotypic diversity than any other 
region.  Although I was unable to definitively assign the geographical region of origin of the 
taxon, these findings illustrate the vast reservoir of biodiversity that can be held in such a 
geographically compact region.  Panama may prove important in the maintenance and protection 
of genetic diversity of other taxa that span these continents. 
My research has elaborated relationships between phenotypic, genetic, and ecological 
change in a plant species situated early in the domestication continuum.  Byrsonima crassifolia 
has proven to be an effective system in which to demonstrate the complexity of human 
influences on cultivated plant populations.  Significant questions regarding the process of plant 
domestication in non-cereal crops remain.  Combined ecological and genetic studies of 
additional incipiently domesticated species will strengthen insights into how people begin to 
change plants early on in this process.   
Cultivating plants is just one of many ways in which people continue to impact plant 
populations via agriculture.  The population genetics, ecology, and evolution of non-crop plants 
associated with cultivated landscapes continue to be shaped in tandem with agricultural 
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practices.  The encroachment of agricultural lands into previously unmanaged landscapes 
continues to alter plant evolution.  The case of Byrsonima crassifolia illustrates that this impact 
is not necessarily uniformly negative.  The maintenance of genetic diversity in many cultivated 
populations demonstrates that people can be adequate stewards of plant genetic diversity, even in 
cultivated landscapes.  Edible plants such as nance that are grown, not in monoculture, but in 
home gardens in association with many other food and ornamental plants, may provide reservoirs 
of genetic diversity for wild plant populations.  It would be particularly interesting to observe 
whether the integrated cultivation of local plants noted in southeastern Mexico would eventually 
lead to very different genetic and ecological outcomes than the more modern practice of 
cultivating non-local nance varieties inferred in southwestern Mexico.  Only time will tell. 
 
REFERENCES CITED 
BLUMLER, M. A., and R. BYRNE. 1991. The ecological genetics of domestication and the origins 
of agriculture. Current Anthropology 32: 23-54. 
CLEMENT, C. R. 1989. A center of crop genetic diversity in western Amazonia. BioScience 39: 
624-631. 
______. 1999. 1492 and the loss of Amazonian crop genetic resources. I. The relation between 
domestication and human population decline. Economic Botany 53: 188-202. 
COOKE, R. 2005. Prehistory of Native Americans on the Central American land bridge: 
colonization, dispersal, and divergence. Journal of Archaeological Research 13: 129-187. 
DE WET, J. M. J., and J. R. HARLAN. 1971. The origin and domestication of Sorghum bicolor. 
Economic Botany 25: 128-135. 
	  	   206	  
DOEBLEY, J. 1989. Isozymic evidence and the evolution of crop plants. In D. E. Soltis AND  P. 
S. Soltis [eds.], Isozymes in Plant Biology, 165-191. Dioscorides Press, Portland, OR. 
DOEBLEY, J. F., B. S. GAUT, and B. D. SMITH. 2006. The molecular genetics of crop 
domestication. Cell 127: 1309-1321. 
HARLAN, J. R., and D. ZOHARY. 1966. Distribution of wild wheats and barley. Science 153: 
1074-1080. 
HARLAN, J. R., J. M. J. DE WET, and E. G. PRICE. 1973. Comparative evolution of cereals. 
Evolution 27: 311-325. 
MCKEY, D., M. ELIAS, B. PUJOL, and A. DUPUTIÉ. 2010. The evolutionary ecology of clonally 
propagated domesticated plants. New Phytologist 186: 318-332. 
MILLER, A., and B. L. GROSS. 2011. From forest to field: perennial fruit crop domestication. 
American Journal of Botany 98: 1389-1414. 
PURUGGANAN, M. D., and D. Q. FULLER. 2009. The nature of selection during plant 
domestication. Nature 457: 843-848. 
RAVEN, P. H., and D. I. AXELROD. 1974. Angiosperm biogeography and past continental 
movements Annals of the Missouri Botanical Garden 61: 539-673. 
ZOHARY, D. 2004. Unconscious selection and the evolution of domesticated plants. Economic 
Botany 58: 5-10. 
